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INTRODUCTION 
Objectives and Purpose 
This hydrogeologic investigation of the Nishnabotna River Basin was 
undertaken to satisfy three prime objectives. The first was to prospect 
for and locate any zones of appreciable groundwater inflow to the basin 
and/or groundwater outflow from it, other than at the basin outlet. The 
purpose for accomplishing this objective was to test, in a glacial terrain 
underlain by a bedrock valley system, the validity of the assumption com­
monly applied in basin water budget studies that the quantity of ground­
water inflow is equal to that of groundwater outflow over a period of years. 
The second objective of the study was to relate stream flow on the 
West Nishnabotna River to saturated groundwater flow in the system composed 
of the glacial drift and alluvium and the uppermost bedrock units over 
which the river flows. As a part of this phase of the study, a concise 
account of certain salient features of the basin groundwater flow field is 
to be given. It was known that groundwater discharge to stream flow 
affects its quantity and quality, and it seemed appropriate to investigate 
the possibility that under certain conditions, surface stream flow may 
affect groundwater quantities and quality. 
A third objective of the study was to report, generally and specifi­
cally, on the occurrence of sources of groundwater in the glacial drift and 
the uppermost bedrock units, as a resource evaluation. The purpose for 
this objective is fairly obvious and the need for it is pointed out by the 
Iowa Natural Resources Council in their survey of water resources and water 
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problems in the Nishnabotna River Basin (Iowa Natural Resources Council, 
1955). 
The basin unit, rather than some political unit or combination of 
units, was chosen for study because physically it represents a relatively 
complete system in which surface water flow and most groundwater flow is 
controlled by basin configuration. 
Location of Study Area 
The Nishnabotna River Basin is located in southwestern Iowa within the 
Missouri River Basin (Figure 1). It is bounded on the east by the drainage 
areas of the Des Moines River, Nodaway River, and Tarkio Creek and on the 
west by the watersheds of the Boyer River and other smaller tributaries of 
the Missouri River. The total basin area is 2995 square miles, of which 
2900 square miles are located in portions of 12 Iowa counties. The basin 
contains about 5.2 percent of the area of the state and is the fifth 
largest river basin in Iowa. The actual study area overlaps the basin 
divide by from two to six miles. 
Previous Work 
The only hydrogeologic study covering the area of the Nishnabotna River 
Basin, prior to this effort, was a county by county survey of groundwater 
resources as a descriptive resource catalogue (Norton ^ et al., 1912) and pub­
lished as U.S.G.S. Water-Supply Paper 293 in cooperation with the Iowa Geo­
logic Survey. This survey was made prior to the advent in the water well 
industry of hydraulic rotary bore hole drilling apparatus and, hence, is 
based on sparse subsurface data from cable tool bore holes, shallow augered 
and dug wells, and surface data. It is, however, fairly accurate and com-
Figure 1- Geographic Locations and borehole distribution, Nishnabotna 
River Basin 
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plete in treating the occurrence of groundwater in the portions of the 
counties which comprise the basin. 
Knochenmus (1962) studied the geomorphology of the West Nishnabotna 
River Valley and the stratigraphy of the alluvium therein. His findings 
indicated the possible existence of the buried bedrock valley associated 
with the West Nishnabotna River. Sendlein et al. (1968) prospected for, 
located, and mapped a large and extensive bedrock valley system which 
extends through much of the Nishnabotna Basin and antedates the present 
river system. Associated with this bedrock valley system are rather exten­
sive pro-glacial and glacial sand and gravel deposits that serve as pro­
lific sources of groundwater and were mapped by Sendlein e_t al. (1968). 
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METHODS OF STUDY 
Compilation of Data 
Topographic map coverage of the Nishnabotna River Basin can only be 
described as woefully inadequate and incomplete. Coverage is available for 
the basin in the 1:250,000 scale Army Map Service topographic sheets pub­
lished in 1955. The basin is included in parts of three sheets of the 
Western United States Series: NK 15-4 Fort Dodge, NK 15-7 Omaha, and 
NK 15-10 Nebraska City. A single 15-minute quadrangle is available for 
much of Audubon County, and in 1957, 25 7.5 minute quadrangle maps were 
made available for the area of the western one-half of the lower Nishnabotna 
River Basin. 
The Iowa Geological Survey graciously opened their files of borehole 
logs on numerous occasions to provide the prime source of subsurface data 
used in this study. The quantity of the data available from the Survey 
ranged from about a dozen logs for a county to 50 or 60 logs for counties 
with more available information. Because of the low data density available 
from the Survey for some counties in the Basin, it became necessary to can­
vas elsewhere for borehole logs of drillings in deep drift and upper bed­
rock units. This subsequent search led to ten water well contractors who 
operate in the Basin, three pump repairmen, several city water supply man­
agers, several quarry operators, and scores of land owners within the 
Nishnabotna River Basin. The water well contractors who provided supplemen­
tal borehole data are: Brenton and Son, Glenwood; Council Bluffs Drilling; 
Earl Howard, Dunlap; Harlan Well Drilling Co.; Vic Kirby and Son, Missouri 
Valley; Lane Drilling Co., Blanchard; Layne Western, Omaha; Carroll 
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Rasmussen, Ida Grove; Sunberg Well and Pump Co., Audubon; and Thorpe Well 
Co., Des Moines. Three well repairmen, Ralph Hi'es of Malvern, Dewayne 
Weston of Shenandoah, and Robert Cleveland of Oakland, provided useful 
borehole information. 
The borehole data compiled from the various sources included, when 
available: the depth of borehole, a formation log, casing and completion 
specifications, static water level, location, and production test results. 
In analysis of the borehole data from the various sources, it was often 
necessary to judge the degree of accuracy and dependability of information. 
This was done subjectively but with knowledge of the abilities and prac­
tices of the persons supplying the data in question. Figure 1 locates 600 
boreholes in deep drift and upper bedrock materials for which data were 
obtained and used in the study. The borehole data are summarized in Appen­
dix A. 
Water Well Field Check 
A large portion of the time spent on the field portion of the study 
was involved with physically checking the water wells located in the data 
compilation phase. The field check included 1) verification of horizontal 
location of wells, 2) measurement of static water level in wells, if possi­
ble, 3) sampling the water from wells for subsequent analysis, 4) determina­
tion of vertical location of wells, and 5) obtaining any additional infor­
mation about wells from persons at the sites. Approximately 800 sites were 
field checked in the course of investigation. 
; Groundwater samples obtained were analyzed for mineral content in the 
field at the base camp using a Hach Chemical Company model DR-EL portable 
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test kit. The Hach kit was used to determine alkalinity, calcium, total 
hardness, chloride, iron, manganese, sulfate, nitrate, and silica. Spe­
cific conductance of most of the samples was determined in the field with a 
Hach Chemical Company conductivity meter, model 2200 DC. Sodium and potas­
sium determinations were made in the laboratory with a Perkin-Elmer flame 
photometer using the procedure outlined in Standard Methods for the Exami­
nation of Water and Wastewater (1965). Over 300 groundwater samples were 
tested in this manner. A listing of the groundwater mineral analyses is 
given in Appendix B. 
Measurement of water levels in wells was accomplished, where possible, 
with a Soiltest two-wire, battery powered, water level indicator. This 
indicator was equipped with 500 feet of wire which was adequate for measure­
ments in wells completed in deep drift and upper bedrock aquifers. Success 
in gaining entry to the bore of wells for water level determinations was 
best in cases involving wells equipped with submersible pumps and a five-
eighths inch breather hole in the casing cap. Mixed failure and success in 
gaining entry to wells equipped with the Monitor Pitless Unit marketed by 
the Baker Manufacturing Company was encountered. In cases of failure 
involving this pitless unit, the indicator probe and wire apparently became 
entangled in the three conductor pump power cable in the casing. No 
attempt to determine water levels in wells equipped with Merrill Pitless 
Units (manufactured by the Merrill Manufacturing Company) was made because 
the design of the unit precludes probe passage. Of course, it was neces­
sary in all attempts to obtain owner or operator permission to measure 
water levels in wells. About 19 of 20 requests for permission were granted, 
on the average. 
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Because of inadequate topographic control for over 75 percent of the 
area studied, it was necessary to obtain land surface elevations at many 
well heads and other surface locations by altimeter survey. An American 
Paulin System Surveying Altimeter was used according to the procedure out­
lined by Hill (1950). Minimum accuracy with the technique is reckoned to 
be + five feet. 
Seismic Refraction Profiling 
A program of seismic refraction profiling was carried out to provide 
basic information on depth to the bedrock surface from the land surface in 
order to confirm the shape and location of bedrock valleys at or near the 
basin divide and to prospect for bedrock valleys in areas of sparse bore­
hole control. Unlike the available borehole data that was compiled as 
information of opportunity, the refraction data were gathered where it was 
needed with the only real limitation being that the local relief of the 
terrain on which the geophones were laid be 60 feet or less, to conform 
with the seismic model assumed for depth calculations. Dobrin (1960) dis­
cusses the basic theory behind seismic refraction methods and calculations. 
Staub (1969) reviews this theory in light of refraction experience in Iowa 
and provides a useful guide to field procedures. 
A crew of four men (party chief, observer, two "jug hustlers") was 
used to serve an all-wheel drive vehicular mounted Southwestern Industrial 
Electronics G22A, 24 channel, seismic recording system. One-half mile 
spreads of 24 geophones were used to detect first seismic arrivals from 
detonations at a total of 56 different locations in the area of study. 
Energy input to the ground was accomplished by means of 40 percent strength. 
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1 1/4 X 16-inch dynamite sticks loaded into shot holes from eight to 12 
feet deep. It was found that energy absorption and attenuation in the 
loess topography on the western edge of the Basin required that up to five 
sticks (7.5 pounds) of dynamite be used to achieve propagation to the most 
distant geophones on half mile spreads. Depths to bedrock were so great in 
the northern third of the Basin that distances of up to 2800 feet between 
shot point and far geophone on half mile spreads were necessary to detect 
the bedrock surface. 
The analysis and interpretation of seismic data will be discussed in 
detail in a later section. 
Test Hole Drilling 
Seven test holes were drilled at locations near the center of bedrock 
valleys in order to determine the stratigraphy of the unconsolidated mate­
rials where these bedrock valleys pass beneath the Basin divide. The test 
hole locations, which were dictated largely by the results of seismic 
refraction profiling, are indicated by small triangles in Figure 1. The 
test hole logs are incorporated into the seismic refraction profiles, 
hydrologie section A-A'-A'', and various maps, to be presented in later 
sections. The test hole data are also summarized and incorporated into 
Appendix A. 
The aggregate total footage of the seven test holes, drilled by hydrau­
lic rotary means to bedrock, was 2372 feet. Samples of cuttings were taken 
at five-foot intervals, and attempts were made in two holes to obtain split 
spoon samples of unconsolidated aquifer material with 50 percent success. 
The holes were logged for resistivity and self-potential contrasts with a 
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Widco 1000 electric logger. The electric logs were used to verify and 
improve the sample logs for each hole. Cuttings samples were split in the 
laboratory and made available for processing and examination by the well 
log analysts of the Iowa Geological Survey. 
One of the seven test holes, in the southwestern portion of the Basin 
near the West Nishnabotna River, was cased with two-inch polyvinyl chloride 
pipe and developed as an observation well. The water level in this well 
was checked and recorded until it had reached equilibrium. 
Other Methods 
In addition to those already discussed, several other analytic and 
observational approaches to the objectives of this study were employed. 
These include monitoring of groundwater quality over time, base flow dis­
charge analysis using data from U.S. Geological Survey partial-record sta­
tions, and low-flow measurements on the West Nishnabotna River. These 
approaches will be only mentioned here but will be discussed in detail 
under the appropriate heading in later sections. 
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POST-MISSISSIPPIAN GEOLOGY OF THE BASIN 
Surface Topography 
The Nishnabotna River Basin has reached a stage of physiographic matu­
rity as is evidenced by the well integrated drainage, wide valleys, and 
broad rolling uplands. Almost all of the upland is sloping and well 
drained. 
The entire basin is mantled with deposits of loess (wind blown silt) 
that have influenced the development of the present topography. Loess 
thicknesses at the extreme southwestern edge of the Basin exceed 100 feet, 
and the resulting topography has been termed loess topography by Kay and 
Apfel (1929). Loess thicknesses decrease systematically to the east, away 
from the Missouri River (Ruhe, 1969), and eventually a loess mantled topo­
graphy is reached. In areas of loess mantled topography, the loess thick­
ness is not sufficient to mask the previous topography of the Kansan drift 
plain (Kay and Apfel, 1929). The division between the two topographies is 
difficult to locate, but most of the Nishnabotna River Basin falls within 
the loess mantled region. 
With the decrease in loess thickness from the Missouri River to the 
east, there is a corresponding systematic increase in the widths of loess 
summits and a decrease in maximum local relief from summits to adjacent 
valleys (Ruhe, 1969). 
The drainage pattern of most of the Basin is characterized by long, 
narrow basins and upland divides which are generally oriented in a north­
east-southwest direction and are roughly parallel. The Basin consists of 
two principal sub-basins drained by the East Nishnabotna and the West Nish-
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nabotna Rivers. These rivers, originating at an elevation of about 1450 
feet, follow essentially parallel courses for more than 100 miles in a 
direction slightly west of south to their confluence, where they form the 
Nishnabotna River. The Nishnabotna River joins the Missouri River seven 
miles south of the Iowa-Missouri border at an elevation of about 890 feet. 
The East Nishnabotna River sub-basin is of a rather unusual shape. 
The lower two-thirds of this sub-basin, as illustrated in Figure 2, is only 
six to eight miles wide. About two-thirds of the way upstream, the sub-
basin width greatly increases. Figure 2 also locates the principal upland 
areas along the Basin divide and the major internal interfluves. 
The floodplain of the West Nishnabotna River varies in width from a 
few yards in its upper reaches to three miles near its confluence with the 
East Nishnabotna River. A major constriction interrupts the general down­
stream increase in flood plain width in a several mile long reach up and 
downstream of Macedonia. This constriction reflects near surface bedrock 
as shown by the quarrying operations at Macedonia and the prominent horse­
shoe bend in the West Nishnabotna River there. The constriction is plainly 
visible on topographic maps and shows an abrupt reduction in floodplain 
width from two miles above the reach to one-quarter mile in the vicinity of 
Macedonia. 
The floodplain of the East Nishnabotna River also exhibits a general 
downstream increase in width with two bedrock constrictions. One of these 
is located about one-third of the way up the sub-basin; the other is 
located near the point of marked widening of the sub-basin and is associ­
ated there, with a horseshoe bend in the East Nishnabotna River. 
Figure 2. General land surface topography, Nishnabotna River Basin 
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Pleistocene Stratigraphy 
The rocks of the Nishnabotna River Basin from the surface down consist 
of Pleistocene loess and drift over discontinuous sandstone and shale of 
the Cretaceous Dakota Group, which in turn unconformably overlie the rocks 
of the Pennsylvanian System. Where Cretaceous rocks are absent, the gla­
cial drift lies directly upon rocks of Pennsylvanian age. 
The Pleistocene stratigraphy of that part of southwestern Iowa that 
includes the Nishnabotna River Basin is presented in detail by Ruhe et al. 
(1967). Much of the following discussion is drawn from their work, which 
constitutes the most recent and authoritative effort in the area. 
In the Nishnabotna River Basin, the Pleistocene is dominantly a loess 
mantled complex of glacial drift; lesser amounts of Recent and Pleistocene 
alluvium occur in the terraces and flood plains of streams dissecting the 
area. The main body of the loess is of Wisconsin age, but near the Missouri 
River, the basal portion is termed the Loveland loess and is of Illinoian 
age. Locally, where late Sangamon erosion was moderate, the Loveland is 
separated from the Wisconsin loess by the Sangamon paleosol. The loess 
plays a minor role as a source of groundwater in the Basin, chiefly because 
of its relatively low permeabilities and small saturated thicknesses. 
Beneath the Wisconsin loess, developed on the underlying Kansan drift, 
is the Yarmouth paleosol. Associated with this paleosol and situated 
beneath it is a discontinuous layer of sand and gravel up to 20 feet in 
thickness. Allen^ has referred to this material as Yarmouth sand. This 
^Allen, William H., Ames, Iowa. Yarmouth Sand, southwestern Iowa. 
Private communication. 1970. 
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sand has subsequently been identified in the logs of boreholes and appears 
to be a viable source of shallow groundwater in large areas of the south­
western portion of the Basin. 
Next beneath the Yarmouth Paleosol-sand association is the Kansan 
drift which is composed of a complex of till and interbedded sand and gravel 
of highly variable thickness and extent. Separating the Kansan drift from 
the older Nebraskan drift, where the surface of the Nebraskan is uneroded, 
is the Aftonian paleosol. Where the surface of the Nebraskan has been 
eroded, Aftonian sands and gravels may be present (Shimek, 1909). The 
Aftonian overlies the Nebraskan drift which resembles the Kansan in most 
respec-s other than stratigraphie position. The discontinuous sand and 
gravel bodies within the Nebraskan and Kansan drift sheets and the Aftonian 
sands and gravels constitute sources of groundwater of considerable impor­
tance . 
According to Ruhe al. (1967), the two tills, Kansan and Nebraskan, 
generally do not differ distinctly from each other in their least weathered 
zones, the oxidized and unleached till. They both are a yellowish brown, 
coarse angular blocky loam to clay loam. The representative mineralogy of 
the sand and gravel fractions of boch tills is: 80 percent quartz, 6 to 8 
percent limestone-dolomite, 5 to 6 percent granite, 1 to 2 percent basalt, 
1 to 1-5 percent quartzite, 2.5 percent chert, and 2 percent sandstone. 
High hornblende content of the nonopaque heavy mineral separates from the 
fine sand, and coarse silt indicates that the material is relatively fresh 
and unweathered. The clay fraction of the two tills is composed mostly of 
montmorillonite with lesser amounts of illite and kaolin. The Nebraskan 
till is separated from the overlying Kansan till on the bases of; 1) a 
18 
buried soil in the uppermost part of the Nebraskan till, 2) an interbedded 
sediment that may be a lacustrine clay, and 3) an erosion surface marked by 
a stone line at the top of the Nebraskan till. 
Numerous well logs from the east central Nishnabotna River Basin com­
piled at the Iowa Geological Survey and interpreted by Richard C. Northup, 
formerly of the Iowa Geological Survey, reveal a buried soil in the midst 
of thick till sequences. It is concluded from this subsurface evidence 
that the buried soil separates the Nebraskan drift beneath from Kansan 
above. The surface observations made by Ruhe e^ a^. (1967) of the presence 
of Nebraskan till in the Basin is confirmed by the subsurface evidence. 
The areal extent of the Nebraskan drift in the Nishnabotna River Basin is 
inferred to be wide, but no conclusive statement about its distribution can 
be made. The combined thickness of Kansan and Nebraskan drift, with asso­
ciated buried soils and sand and gravel deposits, reaches 600 feet in the 
northern portion of the Basin. The Nishnabotna River Basin is the site of 
some of the thickest drift mantles in the State of Iowa. 
Beneath the lowermost drift unit, in many places in the Basin, is a 
deposit of sand and gravel that attains thicknesses of over 100 feet. This 
sand and gravel unit is considered to be a pro-glacial or pro-Nebraskan 
deposit. Very little has been written about this unit previously, princi­
pally because it is least likely, of all the post-Cretaceous materials to 
be observed at the surface or in shallow boreholes. This thick pro-glacial 
aquifer unit is generally associated with buried bedrock valley systems, 
and where present, it rests on the bedrock surface. It is the most later­
ally persistent as well as the thickest unconsolidated aquifer unit in the 
Basin and is, at present, a lightly developed source of very large quanti-
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ties of ground water. Wells have been developed to pump as much as 1000 
gpm from this pro-glacial aquifer. 
This sketch of Pleistocene stratigraphy in the Nishnabotna River Basin 
is likely to give an impression of relative simplicity. In reality, the 
materials and variations which fit into this stratigraphie scheme are many 
times more complex than the picture presented. It is believed, however, 
that this scheme is sufficiently accurate and of the appropriate level of 
resolution to serve in hydrogeologic study on the river basin scale. 
Bedrock Topography 
It has been found (Norris, 1959; Backsen, 1963; Schoell, 1967; Kent, 
1969) that the thickest, most laterally persistent, and most productive 
unconsolidated Pleistocene aquifers are those that occur in or near buried 
(pre-Pleistocene or early Pleistocene) bedrock valleys. The occurrence of 
such buried valleys is to be expected anywhere in the glaciated Midwest 
where drift mantles and covers the bedrock surface. Thus, prospecting for 
productive unconsolidated aquifers in the Nishnabotna River Basin logically 
should begin with a determination of the configuration of the bedrock sur­
face in order to locate buried valley systems. This determination was made 
for the Basin in the work of Sendlein et al. (1968) using borehole, seismic, 
earth resistivity, and surface data. Their bedrock topographic map, as 
modified in this study, appears in Figure 3. Prior to the work of Sendlein 
et al., Hershey e_t (1960) had mapped the bedrock topography of the 
lower one-half of the Basin. 
Figure 3 reveals that within the Nishnabotna River Basin a major bed­
rock valley exists. This valley, which transects the Basin divide in the 
Figure 3. Bedrock topography (modified from Sendlein £t al., 1968), Nishna-
botna River Basin 
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northwest, is Located in the western one-half of the Basin and transects 
the Basin divide in the southeast, also. A narrow lower branch of the bed­
rock valley follows the Nishnabotna River out of the Basin in the southwest. 
This major bedrock valley was termed the Fremont Channel in the lower one-
third of the Basin by Hershey £t al. (1960). This name is extended to 
refer to the major bedrock valley shown to course the length of the Nishna­
botna River Basin. Further reference to the major bedrock valley will 
include use of the term Fremont Channel. The Grand River Buried Valley of 
northwestern Missouri, discussed by Heim and Howe (1963), enters that state 
in northern Atchison county, the most northwesterly Missouri county, and is 
the southward extension of the Fremont Channel. 
The Fremont Channel extends through the Basin with an average gradient 
of about 1.3 feet per mile. This gradient compares with the floodplain 
gradient of the present Missouri River, about two feet per mile, but is 
considerably less than the 3.9 foot per mile floodplain gradient of the 
present West Nishnabotna River. 
Figure 3 shows that the Fremont Channel has several tributary bedrock 
valleys joining it at variable acute angles in what appears to be a den­
dritic pattern. Three tributaries of varying size join the main bedrock 
channel from the west, and six enter from the east. All of the tributaries 
entering from the west are shown to transect the Basin divide, while only 
the northernmost of those tributaries entering from the east passes beneath 
the divide. Those tributaries passing beneath the Basin divide, as well as 
the entrance to and exits from the Basin of the Fremont Channel, are 
regarded as conduits for possible groundwater inflow to the Basin and/or 
outflow from it. Those bedrock valley tributaries contained entirely 
•within the Basin may serve, through their presence and contents, to modify 
the pattern of groundwater flow within the Basin, as will be later dis­
cussed. 
It is believed that the bedrock valley tributary to the Fremont Chan­
nel in the southwestern portion of the Basin is the most important of those 
tributaries entering from the west. It is here termed the Glenwood Chute 
by proximity to the town of Glenwood and to distinguish it from the present 
Platte River located across the Missouri River from its western end. This 
tributary channel, which exhibits virtually the same amount of bedrock 
relief as the nearby Fremont Channel, extends from its confluence with the 
Fremont Channel, to the northwest, at least as far as to within one mile of 
the Missouri River. If the northwest-southeast trend of the Glenwood Chute 
is projected across the Missouri River, its alignment with the Platte River, 
a tributary of the Missouri in Nebraska, becomes apparent. The elevation 
of the bedrock surface at the mouth of the Platte River is slightly less 
than 900 feet (Burchett and Dreezen, 1964). The possible implications of 
this alignment of the Glenwood Chute and the Platte River will be discussed 
in a later section. 
Heim and Howe (1963) concluded that the bedrock valley system of north­
western Missouri,•north of the modern Missouri River, was developed during 
pre-glacial or Nebraskan time. It is thought that the system composed of 
the Fremont Channel and its tributaries in the Nishnabotna River Basin 
developed largely prior to glaciation. This view is supported principally 
by the presence in the Basin of Nebraskan drift which means that during 
Nebraskan time, much of the Basin was beneath the Nebraskan glacier. This 
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does not rule out the possibility of some development of the Fremont Chan­
nel system by pro-glacial streams. 
Heim and Howe (1963) point out that superposed modern valleys in 
northwestern Missouri have developed as a result of streams originating on 
the unconsolidated Pleistocene deposits following the retreat of the Kansan 
glacier and downcutting into bedrock upland areas. This interpretation 
implies some sort of uplift following glaciation. Isostatic rebound subse­
quent to glaciation is offered as the possible uplift mechanism. 
The West Nishnabotna River crosses and is downcutting into bedrock 
uplands, notably at Macedonia, as well as into the thickest drift filling 
the Fremont Channel and, therefore, might be termed a superposed stream, if 
isostatic rebound was or is real. The important point to be made here is 
that the present West Nishnabotna River is not in horizontal coincidence 
with the Fremont Channel along its entire length. In fact, about one-third 
of the distance down the Basin, the Fremont Channel veers to the southwest, 
away from the River, and comes again into horizontal coincidence with it 
only in the lower one-third of the Basin. This relation is made apparent 
in Figure 3. 
Pleistocene Sand and Gravel Deposits 
Sand and gravel aquifers of the drift in the Nishnabotna River Basin 
constitute one of the three prime sources of groundwater there. Stream 
alluvial deposits and the Cretaceous Dakota Group sandstone, in the eastern 
one-half of the Basin, are the other main sources. Water is obtained from 
the more deeply buried basal Pennsylvanian Cherokee Group sandstones, the 
upper Mississippian aquifers, and occasionally from even deeper consolidated 
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aquifers. However, the-cost of completion of deep, cased, domestic and 
farmstead wells, about eight dollars per foot, generally dictates that 
water be obtained from one of the shallower prime sources, if possible. 
The areal extent and variation in thickness and permeability of the 
three aquifer bodies is of interest in resource evaluation and also pro­
vides information relative to subsurface geometry which may affect the pat­
tern of groundwater flow in the Basin. 
The general spatial locations of alluvial aquifers in the Nishnabotna 
River Basin are considered to be fairly obvious though development of any 
of them at a particular location would require some test drilling. The 
extent of sandstone of the Dakota Group will be discussed later in this sec­
tion. 
Figure 4 depicts the extent of certain of the unconsolidated aquifeîrs 
of the drift in the Nishnabotna River Basin. This map, modified from 
Sendlein e£ (1968), is based entirely on subsurface information derived 
from boreholes. The diagonal pattern denotes the known extent of the pro-
glacial aquifer, which occurs within the Fremont Channel and its tribu­
taries. Dashed lines between known occurrences of the pro-glacial aquifer 
and along the course of the Fremont Channel have been used to indicate the 
possible maximum extent of the aquifer. Blank spaces within the dashed 
lines are areas without borehole data. The criteria used to delineate the 
areas of known presence of the pro-glacial aquifer required that groups of 
boreholes in close proximity to one another have two feet or more of pro-
glacial sand and/or gravel resting on or near the bedrock surface. Within 
many of these groups are boreholes which were developed as wells but for 
Figure 4. Pleistocene aquifer distribution (modified from Sendlein et al., 
1968), Nishnabotna River Basin 
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which no information about aquifer thickness is available. It was assumed 
that these producing water wells penetrated at least two feet of aquifer. 
It is apparent from inspection of Figure 4 that the pro-glacial 
aquifer is not now known to be continuous through the length of the Fremont 
Channel or any of its tributaries. The prediction is made, based on great 
local thicknesses of the pro-glacial aquifer, that the aquifer is probably 
continuous through the Glenwood Chute from its confluence with the Fremont 
Channel to near the Missouri River. 
Figure 4 also illustrates the known extent of drift sand and gravel 
deposits occurring over bedrock upland areas. These deposits, indicated by 
the crosshatched pattern, occupy positions within the drift as well as at 
its base. Otherwise the area delineation criteria and assumptions are the 
same as those for the pro-glacial aquifer of the Fremont Channel and its 
tributaries. 
Small bull's-eyes are used in Figure 4 to locate the sites of bore­
holes which penetrated less than two feet of sand and gravel in any layer 
in the drift. It will be noted that some of these are located adjacent to 
and even within areas of known occurrence of drift aquifer. The absence of 
sand and gravel in these boreholes illustrates the capricious extent of the 
material. A large number of boreholes in the east-central portion of the 
Basin were found to penetrate less than two feet of drift sand and gravel. 
Most of these holes were drilled into Dakota Group sandstone from which 
water was obtained. 
Drift aquifer thickness values in feet are plotted where known in Fig­
ure 4. The pattern of these values shows that the thickest sand and gravel 
deposits are generally located within the Fremont Channel and its tribu-
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taries. There are two loci of pro-glacial aquifer thickness values of 100 
feet or more. One of these is in the upper one-third of the Basin where a 
bedrock valley tributary enters the Fremont Channel from the east. The 
other is within the Glenwood Chute and extends from it into the Fremont 
Channel. 
Selected sand and gravel samples obtained in the test drilling program 
were subjected to mechanical size analysis for the purpose of correlating 
effective size with permeability values. Unfortunately, only one split 
spoon sample was obtained for analysis, but in addition, several of the 
best cuttings samples from return drilling fluid were analyzed. The effec­
tive size, 10 percent passing level, of each sample was compared with the 
permeability-effective grain size correlations of Rose and Smith (1957) and 
Bruin (1965) to determine two permeabilities for each sample. An arithme­
tic average of these two values was taken as an estimate of permeability of 
the aquifer material. Ver Steeg (1968) found that this average agreed best 
with permeability values determined by pump tests. 
The effective grain size-permeability correlation results (Table 1) 
indicate rather large permeabilities for the two gravel samples from within 
the drift at shallow depth. Moderate permeabilities were determined for 
the pro-glacial aquifer, atop bedrock, at greater depth. The size grada­
tion curves for test holes other than No. 160.1 are presented in Appendix F. 
In contrast to the sand and gravel permeabilities determined in this 
study are the values for the permeability of till from Ohio, Illinois, and 
South Dakota listed by Norris (1963). His 37 values mostly fall into the 
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range from 0.01 to 1.0 gpd/ft (gallons per day per square foot) and show 
reasonable uniformity among the various locations. Dividing the largest 
Table 1. Summary of effective grain size-permeability correlation 
Test 
hole Number of 
number samples 
Effective K_ 
size, D^Q, 
inches 
max 
K 
mm 
(gpd/ft ) 
K 
ave 
Location 
of borehole, 
sample 
Depth 
of sample, 
feet 
T34 
T155.1 
T160.1 
T584.1 
(cuttings) 
(cuttings) 
(cuttings) 
(cuttings) 
(spoon) 
(cuttings) 
0.022 
0.025 
0.0074 
0.0074 
0.0056 
0.0087 
10,200 4,000 7,100 
14,000 4,600 9,300 
850 
850 
500 
1 ,100  
340 
340 
200 
460 
595 
595 
350 
780 
Fremont Channel, 48-49 
within drift 
Fremont Channel, 91-92 
within drift 
Fremont Channel, 198-200 
within drift 
Fremont Channel, 260-265 
pro-glacial 
Glenwood Chute, 288-290 
pro-glacial 
Fremont Channel, 515-517 
pro-glacial 
2 permeability value for till, 1.0 gpd/ft , into those average values for 
unconsolidated sand and gravel of Table 1 yields conservative permeability 
contrasts between till and the aquifer material of from 400 to 9000 times. 
A bottom sample from near the center of the present Platte River was 
obtained at a location southwest of Omaha, Nebraska. This sample was 
sieved using the same procedure as was applied to borehole samples, and its 
size gradation curve was plotted with that of the split spoon sample of 
pro-glacial sand from test hole No. 160.1 in the Glenwood Chute (Figure 5). 
It is apparent that the Platte River sample is somewhat better sorted than 
the sample from the Glenwood Chute, and its effective grain size is some­
what greater. Nevertheless, the 50 percent passing size of the two samples 
is comparable, and the general form of the two gradation curves is similar. 
Both samples were taken from near the middle of channels and from near the 
top of sediments contained therein. 
Together with the previously observed horizontal and vertical align­
ment of the Glenwood Chute with the mouth of the present Platte River, the 
similarity of sand samples from both sources leads to the suggestion that 
the Glenwood Chute was once traversed by an ancestral Platte River. If 
this were so, a source for much of the thick pro-glacial aquifer in the 
Glenwood Chute and at its confluence with the Fremont Channel is obvious. 
Rocks of the Dakota Group 
Rocks of the Dakota Group are the only representatives of the Creta­
ceous System in the Nlshnabotna River Basin and underlie the glacial drift 
in large areas of the eastern half of the Basin (Figure 6). The Group was 
originally more extensive, but erosion prior to glaciation has left only 
Figure 5. Size gradation: Platte River bottom sample, pro-glacial sand sample from Glenwood Chute 
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Figure 6. Bedrock geologic map (modified slightly from Sendlein et al., 
1968), Nishnabotna River Basin 
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remnants of its once widespread occurrence. The Dakota remaining in the 
area is composed primarily of poorly cemented ferruginous sandstone with 
minor amounts of clay shale and some conglomerate. The conglomerate most 
often is composed of siliceous pebbles lightly held in a ferruginous matrix. 
The sandstone of the Dakota Group attains thicknesses of over 100 feet in 
portions of the eastern Nishnabotna River Basin. 
Groundwater occurs in some locations as gravity water in the Dakota 
sandstone, though most commonly the sandstone is an artesian aquifer. 
Large capacity wells completed in the Dakota sandstone yield up to 2000 gpm. 
It is the prime source of deep groundwater in much of the eastern part of 
the Basin. 
Rocks of the Pennsylvanian System 
The rocks of the Pennsylvanian System in the Nishnabotna Basin com­
prise a complex cyclic succession made up largely of shales and subordinate 
limestones. The basal Cherokee Group of the System is the exception to 
this and is composed chiefly of sandstones and siltstones with shales sub­
ordinate and limestones lacking. The Cherokee is a deeply buried aquifer 
that will normally yield 10 to 20 gpm to wells. 
The post-Cherokee Pennsylvanian strata are notoriously poor aquifers 
(Hershey e^ al., 1960). Only seven wells known to be completed in post-
Cherokee Pennsylvanian strata were located in this study. These wells are 
all situated in the southern one-third of the Basin. Lane^ has reported 
S^ane, Claire, Blanchard, Iowa. Production of groundwater from rubble 
zone at bedrock surface. Private communication. 1969. 
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that some low yield groundwater production is possible in the eastern por­
tion of the Basin from the rubble zone in Pennsylvanian rock at the bedrock 
surface. 
For the present, the post-Cherokee formations of the Pennsylvanian 
System will be considered, collectively, as an aquiclude. This places a 
virtually impermeable lower bounding surface beneath the glacial drift and 
Dakota Group rocks of the Nishnabotna Basin. Local exceptions to this gen­
eral view will be presented where appropriate. 
Analysis of Refraction Data and Seismic 
Refraction Profiles 
The first arrival time-distance data obtained in the seismic field 
effort was analyzed to determine depths to the regolith-bedrock interface 
using a program, written in Fortran, developed by Smith (1971). The pro­
gram scans the time-distance data of the seismogram to determine the best 
join points for a maximum of three regression lines using a minimum residual 
sum of squares criterion. Fitting straight lines connected at the join 
points to the data, the program then yields seismic velocities (the inverse 
of the line slopes) and intercept times which are used in calculation of 
depth to the regolith-bedrock interface. Confidence intervals for seismic 
velocities and intercept times are carried through the depth calculations 
to provide confidence intervals about the depth values. Values of t at the 
99 percent confidence level were used in the analysis. The summarized 
results of the refraction work, by shot location, is presented in Appendix 
C. 
The only real problem encountered in the analysis of the time-distance 
data was the occurrence at several shot locations of an apparent blind 
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zone. It was determined that these apparent blind zones, which resulted in 
intermediate line segments on the time-distance plots being defined by only 
two to four points, could be attributed to the presence of relatively thin 
intermediate velocity layers immediately beneath the drift and above higher 
velocity bedrock units. In several instances, these intermediate layers 
were found to be thin shale units atop limestone. The effect of unavoidably 
large confidence intervals on the velocity and intercept times for these 
thin intermediate layers was to produce very large confidence intervals on 
the depths calculated to their upper boundary. 
Refraction profiles were drawn using the seismic depth determinations 
and all appropriate borehole information. Borehole data was projected into 
the profiles from as far away as one mile on either side. Confidence inter­
vals on seismic depth determinations are shown only if less than 300 feet. 
The horizontal locations of the profiles are depicted in Figure 3. 
Profile J-J' (Figure 7) across the Fremont Channel at the northern end 
of the Basin confirms the presence of the major bedrock valley and reveals 
drift thickness in excess of 600 feet. About 300 feet of bedrock relief is 
apparent in the Channel, which at this section is nine miles wide. The two 
boreholes for which logs are available encountered a maximum of 65 continu­
ous feet of pro-glacial sand and gravel. Lesser but important amounts of 
sand and gravel were encountered at shallower depths in the drift. The 
presence at this section of appreciable thicknesses of unconsolidated 
aquifer provides the geometry necessary for possible large volume ground­
water movement into or out of the Basin. 
Profile D-D' (Figure 8) across the Fremont Channel at the southern end 
of the Basin shows the bedrock valley to be about eight miles wide with 
Figure 7. Refraction profile J-J', across Fremont Channel 
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Figure 8. Refraction profile D-D', across Fremont Channel 
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from 150 to 200 feet of bedrock relief. The sand and gravel immediately 
beneath the loess in boreholes T18.1 and W20 is believed to be Yarmouth 
sand. Six borehole logs display relatively much smaller unconsolidated 
sand and gravel thicknesses than were seen in the previous profile across 
the Fremont Channel. It is assumed, on this basis, that the Channel at the 
southern end of the Basin is a poor conduit for movement of large quantities 
of groundwater into or out of the Basin. 
Profile C-C* (Figure 9) is drawn across the narrow lower branch of the 
Fremont Channel, which roughly follows the Nishnabotna River out of the 
Basin. Two refraction shots, R39A and R39B, and borehole T33.3 serve to 
locate the very narrow incised portion of this channel. An attempt to 
obtain permission to drill test hole T34 at a location between the two 
seismic stations was unsuccessful. However, the two logged tests to bed­
rock on this profile encountered 20 to 25 feet of pro-glacial aquifer, and 
it seems possible that the narrow incised portion of this section contains 
sand and gravel. All four logged boreholes in this profile contain impor­
tant thicknesses of sand and gravel within the drift. The sand and gravel 
immediately beneath the loess in boreholes T44 and W38 is believed to be 
Yarmouth sand. The appreciable amounts of drift sand and gravel across pro­
file C-C provide the geologic conditions for large scale groundwater move­
ment through the section. 
Profile B-B' (Figure 10) is laid out across the Glenwood Chute. The 
Chute shows about 200 feet of bedrock relief and a width of 1.5 miles in 
this section. Borehole T160.1 intersected 105 feet of pro-glacial sand and 
gravel as well as thinner sand and gravel units within the drift. The Yar­
mouth sand was detected in this borehole beneath the loess as a layer less 
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than four feet thick. The Glenvood Chute is regarded as a prime conduit 
for groundwater movement into our out of the Nishnabotna River Basin because 
of the great thickness and horizontal extent of the pro-glacial aquifer 
within it» 
Profile H-H' (Figure 11) was drawn across a shallow bedrock valley 
tributary to the Fremont Channel in the northwestern quadrant of the Basin. 
The available borehole logs indicate only minor deposits of Pleistocene 
sand and gravel within the tributary channel, and it is regarded as an 
unlikely avenue for large quantities of groundwater flow to or from the 
Basin. 
Profile I-I ' (Figure 12) traverses a deep tributary bedrock valley of 
limited horizontal extent in the northwestern portion of the Basin. No 
borehole data was available for incorporation into this profile. It simply 
serves to confirm the existence of the tributary channel which passes 
beneath the Basin divide with a width of about two miles and 250 to 300 
feet of bedrock relief. 
Profile K-K' (Figure 13) is laid out across a narrow minor tributary 
bedrock valley slightly outside of the Basin in the northwest. The tribu­
tary channel is less than one mile wide and displays somewhat more than 150 
feet of bedrock relief. Two test holes, drilled at various stages of the 
Basin study, failed to center on the channel, therefore, its drift strati­
graphy is unknown. Test hole T586.1 encountered no drift sand and gravel 
below the Yarmouth sand which was found at shallow depth. No definite 
statement about the stratigraphy of this profile can be made, but the 
absence of pro-glacial aquifer in bore holes T586.1 and T578.1 casts doubt 
on the presence of it in the bedrock channel. An interesting relationship 
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seen in this profile is the juxtaposition of sandstone of the Dakota Group 
and drift. Such spatial relations may be common and contribute to hydraulic 
continuity between the two. The importance of this tributary channel as a 
groundwater conduit is not apparent because of lack of borehole data. 
Profiles E-E' (Figure 14) and F-F' (Figure 15) were laid out across 
suspected bedrock valley tributaries. The bedrock surface in each profile 
appears somewhat irregular,•but neither reveals a bedrock channel. 
Profile G-G' (Figure 16) reveals a rather shallow bedrock valley or 
depression, which was determined to have very limited horizontal extent. 
Two boreholes show important thicknesses of sand and gravel, but because of 
its limited extent, the depression is considered to have little potential 
as a course for groundwater movement into or out of the Basin. 
In summary, it appears that three important avenues for possible large 
scale groundwater movement into or out of the Nishnabotna River Basin exist. 
These are: 1) the Fremont Channel at the north end of the Basin (Profile 
J-J'), 2) the narrow lower branch of the Fremont Channel (Profile C-C*), 
and 3) the Glenwood Chute (Profile B-B'). 
Two tributary bedrock valleys, shown in Profiles I-I' and K-K', are of 
uncertain importance as courses for groundwater flow. 
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INTRABASINAL AND EXTRABASINAL GROUNDWATER MOVEMENT 
Areal Distribution of Hydraulic Head Potential 
The force potential, applicable to groundwater flow, was defined by 
Hubbert (1940) as the hydraulic potential and is given by 
$ = gz + ^ (1) 
where 
^ = hydraulic potential at any point in the field; 
g = acceleration due to gravity; 
z = elevation of a given point above a standard horizontal datum; 
p = pressure at given point; 
PQ = atmospheric pressure; 
^ = density of water. 
The hydraulic potential is defined to be equal to the work required to 
transform a unit mass of fluid from an arbitrary standard state to the 
state at the point in question. 
The quantity = ^/g is known as the hydraulic head and is measured 
in feet of water above a standard datum. Because equals the hydraulic 
potential divided by the constant g, it, too, is a potential quantity and 
obeys the laws of potential theory. Now 
^ = ^  = gz + ^  ^ (2) 
g 
which with the substitution /^ = ^  , rearrangement, and simplification 
S 
yields 
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[jy = z + dp. (3) 
or 
y 
for fluids. From (4), it is apparent that ^ , the hydraulic head poten­
tial has dimensions of length. At the water table surface, pressure is 
Hence, the hydraulic head potential of a point at the water table is simply 
the elevation of the point above the horizontal datum. 
The elevations of the water levels in cased wells completed in basal 
drift and upper bedrock units in the study area were taken as point values 
of the hydraulic head potential. These values, which mostly represent 
artesian conditions, were used to map the variation of hydraulic head over 
the Basin (Figure 17). More than 350 hydraulic head values were incorpo­
rated into this potentiometric map. Groundwater flow directions are 
assumed to be down gradient and at roughly 90 degrees to the equipotential 
lines. 
It was noted that the elevations of water levels in wells completed in 
sandstone of the Dakota Group correlated closely with those in near adjacent 
wells completed in basal drift aquifers. Because of this and because con­
touring of potential values from both the drift and Dakota Group was reason­
ably successful, the two are seen to be hydraulically continuous. An exam­
ple of spatial relations that might contribute to such continuity was given 
previously in discussion of refraction profiles. In areas of Dakota sand-
atmospheric (p = PQ) and (4) reduces to 
(5) 
Figure 17. Hydraulic head potential, basal drift, and upper bedrock aqui­
fers (stipled pattern depicts general extent of Fremont Channel 
and tributary bedrock valleys) 
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stone occurrence, it occupies positions below the drift similar to those 
occupied in other areas by the pro-glacial aquifer. In some cases, the 
Dakota sandstone is immediately overlain by pro-glacial sands and gravels. 
For these reasons, the Dakota sandstone-basal drift aquifer combination 
will be treated as one hydrogeologic unit where they occur together in the 
Nishnabotna River Basin. 
Relation of Hydraulic Head Potential 
to Topography and Geology 
Theoretical analysis of regional groundwater flow (Freeze and 
Witherspoon, 1967) has shown that the factors that affect steady-state 
groundwater flow patterns within a basin are: 1) the basin subsurface 
depth-lateral extent ratio, 2) the water table configuration, which closely 
follows the surface topographic expression at the basin scale, and 3) the 
stratigraphy and resulting subsurface variations in permeability. 
More recently, Brian Hitchon (1969a, 1969b) has studied fluid flow in 
an area encompassing parts of four western Canadian provinces using an 
observational approach. His findings generally support the theoretical 
predictions in that topography and subsurface geology were determined to be 
the main variables affecting fluid potential distribution. Major upland 
topographic features are major recharge regions and were found to corre­
spond to the, regions of high fluid potentials. Major lowlands were found 
to be the major regional discharge areas. Large river valleys exerted 
drawdown effects on potential distribution. It was also observed that 
appreciable changes in the regional flow system results from the presence 
of highly permeable strata, which need not extend throughout the region to 
be effective. 
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Along with the distribution of hydraulic head potential in the Nishna-
botna River Basin, Figure 17 outlines in the shaded area the general extent 
of the Fremont Channel bedrock valley system. This bedrock valley system 
with its associated thick, pro-glacial aquifers is a dominant geologic fea­
ture in the Basin, Figure 17 also indicates some features of the surface 
topography through the location of the Basin divide and some major internal 
streams. Reference to Figure 2 will provide a somewhat more detailed view 
of surface topography in the Basin. 
Inspection of the distribution of hydraulic head potential (Figure 17) 
reveals the correspondence of upland features to areas of high potential. 
Thus high potential is associated with the uplands astride the Basin bound­
ary and the major internal interfluves. An exception occurs along the 
southwestern border of the Basin where the potential surface is drawn down 
over the Glenwood Chute. The gradient indicated in the vicinity of the 
Chute is directed out of the Basin towards the northwest. This opens the 
possibility, which will be considered in detail in a later section, that 
large volumes of groundwater are being exported from the Basin via the 
Glenwood Chute. 
The potential surface, in the northwestern corner of the Basin, exhib­
its a divide which corresponds rather closely with the Basin divide. Thus, 
large volume groundwater movement into or out of the Basin by way of the 
Fremont Channel in this area is unlikely. Potential data have indicated 
that potential and surface divides nearly coincide at the Basin margins 
with the noted exception of the Glenwood Chute and at the surface outlet 
from the Basin, where the potential gradient follows the Nishnabotna River. 
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Several stream valleys, to include those of the West and East Nishna-
botna Rivers, Silver Creek, and Turkey Creek, exert drawdown on the poten­
tial surface. The drawdown affected by the last three of these stream 
valleys is perceived as rather uniform patterns. Tracing the West Nishna-
botna River from its confluence with the East Nishnabotna River to the 
north reveals that its valley traverses an anomalous potential distribution 
in about mid-basin. This anomaly is produced in part through an influence, 
to be discussed in a later section, exerted by the Fremont Channel. 
Aside from the drawdown effects exerted by stream valleys, it can be 
seen that four tributary bedrock valleys joining the Fremont Channel from 
the east exert additional drawdown effects on the potential surface. These 
effects apparently result in the eastward shift of the East-West Nishna­
botna River sub-basin potential divide, in the northern one-third of the 
Basin, from the position of the sub-basin topographic divide. 
The Fremont Channel itself exerts drawdown on the potential surface 
through most of the Basin. However, it is evident that in the west central 
Basin, its drawdown effect is subordinate to the combined drawdown effects 
of the valleys of Silver Creek and the West Nishnabotna River. The rela­
tively steep gradient in this area over the Fremont Channel suggests that 
the drift aquifers have lower transmissibility here than up- or down-basin. 
Borehole data (Figure 4) tend to substantiate this interpretation-
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TEMPORAL VARIATION OF GROUNDWATER QUALITY 
Water samples from ten producing domestic and farmstead wells located 
in and near the West Nishnabotna River sub-basin were collected and ana­
lyzed for mineral content over a period of 16 months. The variation, if 
any, in water quality with time in these waters was to be determined. 
Interest was generated for this determination because the spatial sampling 
of groundwater took place, of necessity, at various times of the year as a 
part of the water well field check. 
The wells were sampled, with one exception, ten times during a one-
year period. These wells are identified by number in Figure 1 and are all 
completed in drift or pro-glacial aquifers. The water samples obtained 
from them were analyzed using the apparatus and techniques described pre­
viously for analysis of samples taken in the water well field check. Sam­
ples were analyzed the day after collection, when possible. Otherwise they 
were stored, under refrigeration, in tightly stoppered polyethylene bottles 
for short periods prior to analysis. 
Preliminary study of the results (Appendix D), plotted as concentra­
tions against time, suggested that the variations in concentration could be 
described by polynomial equations of order five, or less, written in terms 
of time. A multiple regression routine contained in the Omnitab Program­
ming System (Chamberlain and Jowet, 1969) was used to regress concentra­
tions of total hardness, potassium, sodium, chloride, and sulfate against 
the powers of time, expressed as days from the start of sampling. The 
reduction in sums of squares attributable to each power of time was 
examined using F tests of significance. Concentrations showing significant 
63 
responses to one or more powers of time were compared to estimated ranges 
of error in water analysis (Table 2). If the range of observed concentra­
tions was larger than the estimated range of error in analysis, the 
responses shown to be significant by regression were accepted as such. 
Table 2. Estimated ranges of error in water analysis 
Range of error 
Total hardness 40.0 ppm 
Chloride 4.0 ppm 
Sulfate 
100 ppm 10.0 ppm 
100-300 ppm 20.0 ppm 
300-1000 ppm 100.0 ppm 
1000 ppm 200.0 ppm 
Potassium 20% 
Sodium 24% 
On this basis, no significant variation of sodium or potassium concen­
trations with time was found. Significant responses of total hardness, 
chloride, and sulfate concentrations were obtained and are documented in 
the analyses of variance (Appendix E). These responses fall into two main 
categories, the first of which is a dominantly linear (first order) 
increase or decrease of concentration with time. The responses of this 
category are not cyclic within the period of observation and may fluctuate 
over longer periods or continue their trend to some equilibrium concentra­
tion values. The other category of significant concentration variation 
with time involves dominant response to one or more of the second order or 
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higher terms. These variations are cyclic and have periods of less than 
one year. 
Table 3 summarizes the real temporal responses of sulfate, chloride, 
and total hardness concentrations in the monitored wells. Groundwater from 
well No. 587, only, showed no concentration variation. The increasing or 
decreasing concentration trends are noted, and the real cyclic variations 
are indicated by the power or powers of time that affect significant reduc­
tion in sums of squares. 
•No attempt will be made to interpret the dominantly linear increasing 
or decreasing concentration trends because it is not known whether outside 
of the period of one year these variations are cyclic or not. Certainly 
different explanations of the variations would be appropriate for the two 
possibilities. A point of possible importance is that the increasing 
trends occur in the lower two-thirds of the Basin, while the three decreas­
ing trends occur in the upper one-third of the Basin. 
Total hardness showed cyclic variation in concentration only in the 
water from well No. 345, which is the shallowest of the ten wells monitored 
(Figure 18). Three instances of cyclic sulfate concentration variation 
(Figure 19) and seven of cyclic chloride variation (Figure 20) were found. 
It is suggested that these variations in groundwater quality are related to 
surface recharge, primarily in the spring, to the regolith groundwater sys­
tem. Input of surface water may have a dilution effect and cause seasonal 
decreases in concentration. The most favorable periods for surface recharge 
in Iowa are after the spring thaw before appreciable vegetation growth and 
again in the fall after the first killing frost but before the ground 
becomes frozen (Steinhilber £t al., 1961). Recharge is retarded during the 
Table 3. Summary of temporal variation of groundwater quality 
Well Total Topographic Real temporal response 
no. depth Aquifer location Total hardness Chloride Sulfate 
58 192 pro-glacial edge floodplain none linear increase none 
164 305 pro-glacial 
(Glenwood 
Chute) 
upland linear increase t^ none 
345 150 drift upland valley t4 t^ t2 
353 330 pro-glacial hillslope none t" linear increase 
481 460 pro-glacial 
(Fremont 
Channel) 
upland valley none t" linear increase 
548 195 pro-glacial upland valley none t^ none 
562 469 pro-glacial upland valley t, t^ decrease t, linear decrease 
587 370 pro-glacial upland none none none 
586 360 pro-glacial upland t, t^ decrease 
(4 583 620 pro-glacial 
(Fremont 
Channel) 
upland valley none none 
Figure 18. Variation of total hardness with time (fifth order polynomial curve fitted to plotted 
observations) 
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Figure 19. Variation of sulfate concentration with time (fifth order polynomial curves fitted to 
plotted observations) 
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Figure 20. Variation of chloride concentration with time (fifth order polynomial curves fitted to 
plotted observations) 
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growing season by depletion of soil water by évapotranspiration and during 
the winter by frozen ground. 
Figure 18 fails to indicate declining total hardness associated with 
the spring of 1970, but a decline from October, 1969, through January, 1970, 
roughly corresponds with that fall and early winter season. Sulfate and 
chloride concentrations (Figures 19 and 20) generally decline in the March 
through July period, perhaps in response to spring recharge to groundwater, 
and rise from midsummer to reach maximum values in the winter months. No 
decreases in chloride and sulfate concentrations coincide with the period 
September through November. 
A time lag may exist between surface recharge and its apparent effect 
on quality of groundwater. Thus the observed decreases in sulfate and 
chloride concentrations are not necessarily the consequences of recharge in 
the same year. Study over a term of several years would be necessary to 
identify any time lag in the groundwater quality variations. 
If seasonal surface recharge to groundwater is responsible for the 
cyclic quality variations that have been observed, then it becomes obvious 
that the hydraulic communication between the surface and points located 
hundreds of feet below in the drift is rather good. Also, it seems that 
chloride, which exhibited cyclic variation in more instances than total 
hardness or sulfate, may be the most sensitive indicator of temporal varia­
tion of groundwater quality in response to recharge from the surface. From 
this it follows that chloride concentrations may also be the most sensitive 
indicator of spatial variation of water quality as influenced by surface 
recharge and other dilution effects. Landon (1969) arrived at a similar 
conclusion in studies of landfill leachate migration. He found that chlo­
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ride concentration was the best indicator of the extent of leachate migra­
tion away from landfills but that sulfate concentrations also declined, 
though more erratically than chloride, with distance from the landfills. 
While it has been shown that some real temporal variation of the con­
centrations of total hardness, chloride, and sulfate in Pleistocene aquifers 
of the Basin does exist, it is important that the maximum ranges of areal 
variation of these parameters among the ten monitored wells is from four to 
six times greater than the maximum ranges of temporal variation observed in 
any one of them (Table 4). 
Table 4. Maximum ranges of concentration variation, monitored water wells 
Total hardness Chloride Sulfate 
Maximum areal variation 
(among wells) 1026 ppm 74.6 ppm 2156 ppm 
Maximum variation with 
time (any one well) 280 ppm 12.0 ppm 500 ppm 
Analysis of areal variation of groundwater quality using data from 
samples collected throughout the year is justified because of the dominance, 
within the Basin area, of spatial variability over variations with time. 
It is to be expected, however, that some unexplained variability in spatial 
analysis of this data will be the result of temporal variation. 
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LOW-FLOW OF THE WEST NISHNABOTNA RIVER 
Analysis of Low-Flow Partial-Record Station Data 
The hydraulic head potential anomaly traversed in mid-basin by the 
West Nishnabotna River and the presence in the West Nishnabotna River sub-
basin of the Fremont Channel buried valley system attracted interest in the 
low flow of the West Nishnabotna River. The major stream of a basin 
receives groundwater contributions from adjacent topographic highs as well 
as from regional flow (Toth, 1963). Thus, study of the low-flow of the 
West Nishnabotna River might prove fruitful as an aid to understanding the 
abnormal regional groundwater flow patterns associated with it. 
Measurements of discharge made on the West Nishnabotna River and most 
of its major tributaries within a period of one to three days are available 
as discharge measurements made at low-flow partial-record stations and are 
published by the U.S. Geological Survey (1961, 1962, 1964, 1965, 1966). 
A comparison of partial-record station discharges of the West Nishna­
botna River (U.S. Geological Survey, 1961, 1962, 1964, 1965, 1966) normal­
ized by the drainage area upstream of the respective stations (Q/A, cubic 
feet per second per square mile, csm) was made. The data, from five water 
years, were analyzed as a block design, considering stations as treatments 
and water years as blocks. The mean square treatments are highly signifi­
cant and blocking is effective (Table 5). The only departure, however, 
from the downstream trend of increasing mean values of Q/A (Table 6) was 
found to be nonsignificant. The only conclusion that can be drawn from 
this analysis is that discharge per unit area generally increases down­
stream. Increasing low-flow discharge per unit drainage area in a down-
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Table 5. ANOV, discharge per unit drainage area. West Nishnabotna River 
Source d.f. 
Sum of 
squares 
Mean 
square F 
Total 41 0.186 
Among stations 
(treatments) 6 0.018 0.003 3.75** 
Among years 
(blocks) 5 0.144 0.028 35.00** 
Error 30 0.024 0.0008 
**Eighly significant. 
stream direction is a fairly normal aspect of regolith streams in the 
region. The failure of this analysis to discriminate significantly between 
stations is not surprising because each discharge measurement treated by 
itself is an integration of cumulative hydrologie responses in the drainage 
basin upstream of the station. 
Incremental low-flow discharges normalized by area values were ana­
lyzed, and river reach comparisons were made. The incremental discharge 
for reaches, AQ, was calculated by subtracting the upstream river dis­
charge from the downstream river discharge and subtracting the sum of meas­
ured discharges of intervening tributaries from the difference, 
AQ = Q. - Q - Q . (6) 
^ ^downstream upstream tributary 
This technique will isolate a reach from the integrated effects of all vari­
ables affecting river flow upstream and strip out the effect of measured 
tributary flow contributions to the river reach. 
Table 6. Discharge per unit drainage area (csm), West Nishnabotna River 
Mean Difference 
Station 1960 1960 1961 1964 1965 1966 values between means 
Manning 0.027 0.094 0.208 0.059 0.109 0.069 0.094 
Harlan 0.055 0.164 0.207 0.080 0.127 0.100 0.122 
Avoca 0.059 0.198 0.196 0.078 0.141 0.112 0.130 
Hancock 0.052 0.244 0.192 0.067 0.131 0.082 0.128 
Malvern I 0.093 0.266 0.194 0.074 0.142 0.118 0.147 
Malvern II 0.097 0.271 0.189 0.078 0.145 0.123 0.150 
Randolph 0.110 0.309 0.211 0.079 0.147 0.110 0.161 
Si = 0.0161 d 
least significant difference (0.05) = 0.0328 
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Comparison of incremental low-flow discharges normalized by the change 
in river drainage area from one end of reaches to the other, AQ/AA (csm), 
was made. The derived quantities were analyzed as a block design in which 
the mean square treatments are highly significant and blocking is effec­
tive (Table 7). Comparison of the mean values of AQ/ AA (Table 8) reveals 
a low value for the Avoca-Hancock reach that is highly significantly dif­
ferent from those of the Harlan-Avoca and Hancock-Malvern reaches. The 
Malvern-Randolph reach exhibits a value of AQ/aA that is low relative to 
the Hancock-Malvern reach, but the difference is not significant. 
Table 7. ANOV, change in discharge per unit change in drainage area. West 
Nishnabotna River 
Source d.f. 
Sum of 
squares 
Mean 
square F 
Total 29 0.260 
Among reaches 
(treatments) 4 0.120 0.030 8.10** 
Among years 
(blocks) 5 0.066 0.013 3.51* 
Error 20 0.074 0.0037 
**Highly significant. 
^Significant. 
Finally, comparison of incremental low-flow discharges normalized by 
the river drainage area at the downstream end of the reaches, AQ/A^ ^  
(csm), was made. Again the derived quantities were considered as a block 
design. The mean square treatments are highly significant, and blocking is 
Table 8. Change In discharge per unit change in drainage area, AQ/AA (csm), West Nishnabotna River 
Reach 1960 1960 1961 1964 1965 1966 
Mean 
values 
Difference 
between means 
Manning-
Harlan 0.029 0.079 0.073 0.039 0.061 0.050 0.055 
Harlan-
Avoca 0.097 0.456 0.114 0.068 0.246 0.204 0.197 
Avoca-
Hancock -0.023 0.077 0.056 0.006 0.002 -0.030 0.014 
Hancock-
Malvern 0.120 0.153 0.131 0.062 0.131 0,129 0.121 
0.107** 
Malvern-
Randolph 0.044 0.149 0.136 
= 0.0351 
0.025 0.058 -0.017 0.065 
0.056 n.s. 
least s ignificant difference (0.05) = 0.0732 
least s ignifleant difference (0.01) = 0.0998 
**Highly significant. 
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effective (Table 9). Comparison of the mean values of AQ/A^ ^  (Table 10) 
indicates that the decrease from the Manning-Harlan reach to the Harlan-
Avoca reach is highly significant, as is the decrease in AQ/A^ ^ from the 
Harlan-Avoca reach to the Avoca-Hancock reach. The low mean value of 
AQ/A^ g for the Malvern-Randolph reach is highly significantly different 
from that of the Hancock-Malvern reach. 
Table 9. ANOV, change in discharge per unit drainage area (area taken at 
downstream end of reaches). West Nishnabotna River 
Source d.f. 
Sum of 
squares 
Mean 
square F 
Total 29 0.0134 
Among reaches 
(treatments) 4 0.0071 0.00177 22.12** 
Among years 
(blocks) 5 0.0046 0.00092 11.50** 
Error 20 0.0017 0.00008 
**Highly significant. 
The analysis of normalized incremental reach discharges indicates 
that the Avoca-Hancock and Malvern-Randolph reaches have relatively low 
mean values of these quantities for the six sets of discharge measurements. 
The Harlan-Avoca reach shows a relatively low mean value of AQ/A^ ^  • It 
should be noted that the discharge data yielded negative aQ values only in 
the Avoca-Hancock and Malvern-Randolph reaches. 
The low and occasional negative incremental discharges in the Harlan-
Hancock and Malvern-Randolph reaches indicates that abnormal conditions 
Table 10. Change in discharge per unit drainage area, ÛQ/A^ ^ (csm), West Nishnabotna River 
Reach 1960 1960 1961 1964 1965 1966 
Mean 
values 
Difference 
between means 
Manning-
Harlan 0.023 0.065 0.060 0.032 0.050 0.041 0.045 
Harlan-
Avoca 0.011 0.052 0.013 0.007 0.028 0.023 0.022 
0.023** 
Avoca--
Hancock -0.009 0.032 0.023 0.002 0.001 -0.012 0.006 
0.016** 
Hancock-
Malvern 0.044 0.056 0.048 0.023 0.048 0.047 0.044 
Malvern-
Randolph 0.011 0.039 0.035 
= 0.0051 
0,006 0.015 -0.004 0.017 
0.027** 
least significant difference (0.01) = 0.0145 
**Highly significant. 
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exist in them. These conditions could result from loss of river water 
through evaporation, transpiration, consumptive use, or recharge to ground­
water systems. They could, in part, be the result of relatively low volume 
local or regional groundwater discharge to the river reaches. A combina­
tion of all or several of these factors may be responsible for the abnormal 
conditions. A consideration of the importance of each will appear in the 
next section. 
, Low-Flow Measurements 
Ir an attempt to confirm and duplicate the results of analysis of pub­
lished low-flow discharge data, measurements of low-flow discharge of the 
West Nishnabotna River were made in November, 1969. The lowest flow condi­
tions of the river commonly occur in January and February under ice cover. 
Measurements under ice involve more error than those made without ice cover 
and involve other practical problems. Most requirements for the purposes 
at hand were met, however, by measurement of discharge in November. 
The conditions used to determine the period in which low-flow dis­
charge measurements were made required that it be after the first killing 
frost, no sooner than four days after the most recent runoff-producing pre­
cipitation, and prior to the onset of river icing. These conditions 
limited the possible measurements to a period from mid-October to mid-Novem­
ber. 
Measurements of low-flow discharge of the West Nishnabotna River were 
accomplished in the periods 4-8 November and 13-20 November, 1969. These 
periods provided good, high base flow conditions as the most recent precipi­
tation on the Basin occurred on 30 October, 1969. The month of November 
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was without appreciable rainfall or snowfall. The base flow conditions 
were high because of above normal precipitation for the calendar year up to 
1 November-
A total of 45 discharge measurements of the West Nishnabotna River and 
its tributaries were made using a Price pygmy current meter. Measurements 
were made upstream of known wastewater outfalls to avoid the error possibly 
induced by diurnal fluctuation in discharge of the effluents. Measurements 
were made of tributary flow amounting to as little as 0.1 cfs (cubic feet 
per second). The first series of measurements (4-8 November) ranged from 
Manning in the upper Basin to Randolph in the lower Basin. The second 
series of measurements was begun at Botna in the upper Basin and extended 
to Oakland at mid-Basin. The work on the latter series was suspended on 
20 November, 1969, because of the onset of river icing. 
To provide an estimate of the range of error involved in the discharge 
determinations, a series of four consecutive measurements was made on 
12 November, 1970, of the discharge of Squaw Creek upstream of Ames, Iowa. 
The four discharge values: 85.7, 87.2, 86.4, and 88.8 cfs are grouped 
about the mean, 86.8 cfs, with a range of three percent of its value. It 
seems reasonable to apply a five percent range of error to discharge deter­
minations made in the West Nishnabotna sub-basin under the variety of condi­
tions dealt with there. 
Tables 11 and 12 summarize the results of the low-flow discharge meas­
urements and list calculated incremental reach discharge values. Negative 
incremental discharge values were calculated for reaches from Corley to 
Hancock and for the Malvern-Randolph reach. By applying the five percent 
range of error in discharge measurement to the discharge values in these 
Table 11. Low-flow discharge, West Nishnabotna River and tributaries, 4-8 November, 1969 
Date Stream Location 
Discharge 
(cfs) 
Reach 
AQ, 
cfs 
Reach 
length, 
mi. 
AQ/L 
(cfs/mi) 
Reach 
designation 
4/11/69 W. Nish. R. Manning 6.0 
4/11/69 
5/11/69 
Willow Cr. 
W. Nish. R. Irwin 
1.5 
9.1 
+1.6 12.0 +0.133 Manning-Irwin 
5/11/69 
5/11/69 
Elk Cr, 
W. Nish. R. Harlan 
2.7 
16.1 
+4.3 11.5 +0.373 • Irwin-Harlan 
5/11/69 
5/11/69 
W. Fk. W. Nish. 
W. Nish. R. Avoca 
23.4 
45.5 
+6.0 12.0 +0.500 Harlan-Avoca 
5/11/69 
8/11/69 
5/11/69 
E. Br. W. Nish. 
Jim Cr. 
W. Nish. R. Hancock 
16.3 
0.58 
59.7 
-2.7 9.0 -0.298 Avoca-Hancock 
6/11/69 W. Nish. R. Hancock 54.5 
6/11/69 
6/11/69 
6/11/69 
Minimum Cr. 
Slocum Cr. 
W. Nish. R. Oakland 
0.66 
1.06 
66.3 
+10.8 8.0 +1.26 Hancock-Oakland 
6/11/69 
6/11/69 
Un-named Cr. 
W. Nish. R. Henderson 
0.63 
76.6 
+9.7 11.0 +0.879 Oakland-Henderson 
6/11/69 
6/11/69 
6/11/69 
Farm Cr. 
Box Elder Cr. 
W. Nish. R. Hastings 
14.9 
6.1 
109.0 
+11.4 7.0 +1.62 Henderson-Hastings 
Table 11. (Continued). 
Reach Reach 
Discharge AQ, length, AQ/L Reach 
Date Stream Location (cfs) cfs mi. (cfs/mi) designation 
7/11/69 W. Nlsh. R. Hastings 98.6 
7/11/69 Indian Cr. 6.5 +0.90 9.0 -0.10 Hastings-Malvern II 
7/11/69 W. Nish. R. Malvern II 106.0 
7/11/69 Silver Cr. 41.0 
7/11/69 Mule Cr. 2.6 
8/11/69 Spring Valley Cr. 1.4 
7/11/69 Driscoll Cr. 0.66 -1.60 6.0 -0.266 Malvern II-Randolph 
7/11/69 Deer Cr. 3.9 
7/11/69 Kilpatrick Cr. 0.92 
8/11/69 Un-named Cr. 0.13 
7/11/69 W. Nish. R. Randolph 155.0 
Table 12. Low-flow discharge, West Nishnabotna River and tributaries, 13-20 November, 1969 
Date Stream Location 
Discharge 
(cfs) 
Reach 
AQ, 
cfs 
Reach 
length, 
mi. 
AQ/L 
(cfs/mï) 
Reach 
designation 
17/11/69 W. Nish. R. Botna 7.1 
+0.70 5.0 +0.140 Botna-Irwin 17/11/69 W. Nish, R. Irwin 7.8 
17/11/69 
17/11/69 
Elk Cr. 
W. Nish. R. Kirkman 
3.0 
13.7 
+2.9 
+3.0 
7.0 
5.0 
+0.414 
+0.600 
Irwin-Kirkman 
Kirkman-Harlan 17/11/69 W. Nish. R. Harlan 16.7 
17/11/69 
17/11/69 
W. Fk. W. Nish. 
W. Nish. R. Corley 
19.5 
38.7 
+2.5 7.0 +0.357 Harlan-Corley 
13/11/69 W. Nish. R. Corley 32.8 -1.3 5.2 -0.250 Corley-Avoca 
13/11/69 W. Nish. R. Avoca 31.5 
19/11/69 W. Nish. R. Avoca 32.6 
20/11/69 
19/11/69 
E. Br. W. Nish. 
W. Nish. R. Hancock 
10.5 
34.0 
-9.1 9.0 -1.01 Avoca-Hancock 
16/11/69 W. Nish. R. Hancock 54.2 
+3.8 6.4 +0.593 Hancock-Oakland 
16/11/69 W. Nish. R. Oakland 58.0 
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reaches, it would be possible to show that the negative values in all 
but the Avoca-Hancock reach (as measured on 19, 20 November) might be the 
result of measurement error. Therefore, these low-flow discharge measure­
ments, of themselves, are inconclusive in identifying abnormal reach flow 
conditions- However, when combined with the similar results of the pre­
vious analysis of published discharge data, which has shown that the Harlan-
Hancock and Malvern-Randolph reaches possess significantly smaller AQ/A^ ^  
values than other reaches, the low-flow discharge results take on an added 
degree of credibility. 
It appears from the results of two different discharge analyses that 
abnormal flow conditions exist in the Corley-Hancock and Malvern-Randolph 
reaches of the West Nishnabotna River. These conditions are taken to 
represent either actual loss of river water by several possible means or 
relatively low volume local and regional groundwater discharge to the 
reaches or a combination of both. 
The discharge measurements used in the analyses were made near the end 
of or after the plant growing season so that the effects of transpiration 
should be minimal. Evaporation of channel water is likely to affect one 
reach just about as much as another so that evaporation will be considered 
as constant through the studied river reaches. Groundwater withdrawal in 
moderate quantity (268,000 gpd or 0.41 cfs) from river alluvium occurs at 
Avoca, a town of 1540 people, in the Avoca-Hancock reach. This withdrawal 
is probably just about equaled in the fall by the amount of wastewater 
effluent to the West Nishnabotna River from the Avoca town system. No 
appreciable groundwater withdrawals occur in the Malvern-Randolph reach nor 
in the Corley-Avoca reach. 
It seems, by elimination, that abnormal flow conditions in the Cor ley-
Hancock and Maivern-Randolph reaches can only be explained by losses to the 
groundwater system and/or decreases in the amount of discharge to the river 
from local groundwater flow. Decreases in the amount of discharge to the 
river from local flow seems unlikely because the flood plain with its asso­
ciated alluvium is wider at both of the reaches in question than upstream 
from them, and there is no noticeable decrease in local relief in the abnor­
mal reaches. 
It is concluded that the abnormal flow conditions in the Corley-
Hancock and MaIvern-Randolph reaches are caused by losses of river water to 
groundwater. This implies that regional groundwater discharge to the 
reaches is minimal or nonexistent. Possible subsurface flow paths taken by 
water lost in the abnormal reaches will be considered in the next section. 
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INTERRELATION OF STREAM AND GROUNDWATER FLOW, 
WEST NISHNABOTNA RIVER 
Sections along the West Nishnabotna River 
A series of cross sections along about 90 miles of the West Nishnabotna 
River from Manning to Anderson was constructed to place subsurface strati-
graphic geometries, hydraulic head potentials, and water quality variations 
in their proper spatial positions. Borehole data incorporated into these 
sections was projected into the plane of section from as far away as two 
miles. The first of these sections. Geologic section L-L' (Figure 21), 
serves to illustrate the highly irregular Pennsylvanian bedrock surface 
beneath the river and gives some indication of the distribution of alluvial 
and drift aquifers. The upper boundary of section L-L' corresponds to the 
low-flow river water surface. Thus it is assumed that materials beneath 
this boundary are saturated. A marked change in slope of the river valley 
occurs in the reach where bedrock crops out at the surface. This reach, in 
the vicinity of Macedonia, is the only one where the river flows on or very 
close to bedrock. 
Hydrologie section L-L' (Figure 22) was inspired by the work of Van 
Voast and Novitzki (1968), who used such profiles effectively in their 
Minnesota studies. The section is based on the general premises that the 
elevation of the water level in a cased well represents the hydraulic head 
potential at the bottom of the well and that groundwater moves from high to 
low potential. Well bottoms were plotted at their respective positions, 
and each point was assigned a value of hydraulic head potential equal to 
the water level altitude in the well. The hydraulic head at all points 
along the upper boundary of section L-L' is known to be the elevation of 
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the points above the sea level datum- Equipotential contours were then 
drawn using these points of known hydraulic head. Interpretive contouring 
was guided by the theoretical work of T&th (1963) and Freeze and 
Witherspoon (1967). 
van Everdingen (1963) has pointed out that exaggeration of the verti*-
cal scale in a hydrologie section causes distortion of the flow net such 
that the flow lines and equipotential lines are not orthogonal. The flow 
lines of Figure 22 are drawn only to relate groundwater flow to the land 
surface and to geologic boundaries and are not meant to have quantitative 
significance. In addition, difficulty in accurately locating the top of 
the saturated zone, the location of subsurface points of known potential 
being predominantly in the basal drift, and the errors associated with 
determination of water level altitudes combine to render the constructed 
hydrologie sections somewhat less than true models of the real systems. 
Nevertheless, as surrogate models, the sections probably depict a reasonable 
picture of the flow field under average water table conditions and should 
allow qualitative determination of responses to variation in position of 
the water table. 
The relation of groundwater flow to the surface in hydrologie section 
L-L' (Figure 22) is questionable in the Irwin-Avoca reach because of lack 
of shallow subsurface potential data. Deep subsurface information in this 
reach indicates potential gradients and flow down and to the right. Except 
for a small sink near the bedrock surface beneath Harlan, there is no sink 
apparent in this section for the flow. The small sink beneath Harlan is 
caused by pumpage of up to 250,000 gpd by the Western Iowa Pork processing 
plant. 
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The equipotential contours in the Avoca-Macedonia reach are better 
determined and show flow from the surface in the Avoca-Hancock reach, where 
some thick alluvial and drift aquifers are present, and discharge to the 
surface in the Hancock-Macedonia reach. Groundwater flow is forced to the 
surface by the Pennsylvanian bedrock high at Macedonia. 
The 1020 foot potential contour near the upstream end of the Macedonia-
Malvern II reach indicates flow from the surface at Henderson. Thick allu­
vial and drift aquifers at Henderson (Figure 21) facilitate this recharge 
to groundwater. Discharge to the surface occurs downstream of Henderson to 
Malvern II. 
Near-surface flow relations are not made obvious by subsurface poten­
tials in the Malvern II-Randolph reach. However, gradients directed verti­
cally downward are demonstrable in this reach at depth. Immediately down­
stream of Malvern II thick alluvial and drift aquifers are present so that 
flow from the surface would be facilitated. Discharge to the surface is 
indicated in the Randolph-Anderson reach. 
Hie mean values of normalized incremental discharges for river reaches 
are displayed graphically at the top of Figure 22. Beneath them are listed 
the normalized reach incremental discharges determined from measurements of 
low-flow in November, 1969. Relatively low or negative values of these 
quantities are seen to exist for reaches from Harlan to Hancock and from 
Hastings to Randolph with one exception. The large mean value of AQ/AA 
in the Harlan-Avoca reach is caused by the small incremental river drainage 
area in the reach which amounts to only 41 square miles. 
The incremental discharge data fails to give any indication of flow 
from the surface at Henderson. The Hancock-Malvern I reach, which includes 
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Henderson, as measured by the U.S. Geological Survey, includes several 
dominantly effluent reaches which overshadow the influent condition at 
Henderson. The discharge measurements made in November, 1969, failed to 
bracket Henderson and, therefore, do not show the effect of flow from the 
Surface there on incremental river discharge. 
The equipotential contours suggest that the Hastings-Malvern II reach 
is effluent, but the rather low positive value of AQ/L hints at another 
control on volume of flow. Two boreholes reveal that no drift aquifer is 
present thus' low permeability may limit groundwater discharge to the river 
in the reach. 
Hydrologie section L-L' (Figure 22) offers some insight into the fate 
of river water lost from the abnormal reaches, but study of it raises about 
as many questions as it answers. The ultimate course of groundwater in the 
Irwin-Avoca reach is still in question, and the details of near-surface 
flow in the Malvern II-Randolph reach are left unclear. It has been shoxm, 
however, that real, downward potential gradients exist to make the Avoca-
Hancock reach and a short reach at Henderson influent. 
Imagination of a short-term increase of a few feet in the river water 
surface and the nearby water table along the upper boundary of hydrologie 
section L-L* will require that the termination at the surface of all equi­
potential lines in the reach affected be shifted downstream. The subsurface 
portions of the potential lines will remain stationary for short-term water 
table rises, and the effect will be to produce gradients from the surface 
down where they may not have existed before and to increase the downward 
component of flow where downward gradients already existed. This is to say 
that high river stages may produce recharge in normally effluent reaches 
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and increase the volume of recharge in normally influent reaches. Bank 
storage of high flow river water is a commonly understood phenomenon 
involving a rise in the water table in alluvial deposits in response to 
increased river stage. It is believed that high river stages of the West 
Nishnabotna River have effects far beyond simple input to alluvial deposits 
adjacent to the river. Input to the alluvium and drift, below the channel 
bottom, is seen to result as well. The Nishnabotna Rivers are rather 
"flashy" and high volume runoff, under most conditions, is transported 
through the drainage system so rapidly that high stages are maintained for 
only brief periods. The important exception to this behavior occurs in 
many years in the spring, when thaw brings ice and snowmelt runoff and 
attendant ice jamming at constrictions in the channel. This constricted 
flow is often maintained at near bankfull stage for several days. 
The results of mineral analysis of low-flow river water and ground­
water samples (Figure 23) are graphically summarized using a diagrammatic 
scheme originated by Stiff (1951). Concentrations are reported in parts 
per million (ppm), specific conductance in micromhos per centimeter 
(jimho/cm) . The numerical concentration data were subjected to analysis and 
will be discussed in terms of occurrences, group comparisons, and systematic 
variation of concentrations of inorganic species found in the waters. 
Studies of the movement of nitrate contained in water recharged arti­
ficially to the Ogallala aquifer of the southern High Plains (Scalf et al., 
1969) have shown that the nitrates moved in the aquifer at essentially the 
same rate as the recharge water. There was no evidence of nitrate loss due 
to denitrification. Therefore, the occurrence of nitrate should be a reli­
able indicator of groundwater recharge by nitrate bearing surface waters. 
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Nitrate was detected in closely spaced wells of section L-L* only in the 
Malvern Il-Randolph reach. Here groundwater from wells 159, 74, and 80 was 
found to contain nitrate at concentrations of 5.5, 0.18, and 0.14 ppm, 
respectively. This occurrence of nitrate in detectable concentrations in 
the groundwater from the drift in the Malvern II-Randolph reach is taken as 
evidence that the river reach is influent. Two isolated occurrences in 
section L-L* of detectable nitrate in groundwater were found near Manning 
in well No. 448 (4.0 ppm) and in the Corley-Avoca reach in well No. 470 
(0.23 ppm). 
Phosphate concentrations were determined for only a few groundwater 
samples and for no surface water samples. It is interesting to note, how­
ever, that phosphate was detected in groundwater at Henderson in well 
No. 190 (0.43 ppm) and in well No. 159 (0.19 ppm) of the Malvern II-
Randolph reach. These occurrences may have their source in groundwater 
recharge by phosphate-bearing surface water. 
Numerical concentration data were arranged into various combinations 
of two groups for comparison and were analyzed, in some comparisons, as 
unpaired observations with unequal variances. In these comparisons, the 
differences between mean values were subjected to t-tests of significance. 
The mean values for the comparisons appear in Table 13. Those differences 
tested for significance are appropriately noted. 
It was found that the mean values of chloride and potassium concentra­
tion in groundwater upstream of Avoca were significantly greater than 
those in groundwater downstream of Avoca. Mean concentrations of 
sodium and total hardness, as well as mean values of specific conductance, 
are much greater in the groundwater upstream of Avoca than downstream. 
Table 13. Water quality comparisons, section L-L' 
Mean 
Mean Na Difference total Difference 
concentration, between hardness, between 
ppm means ppm means 
Groundwater 
Upstream 
of Avoca, 
n = 15 
Downstream 
of Avoca, 
n = 9 
308.6 
74.7 
233.9 
918.7 
372.0 
546.7 
Upstream 
of Avoca 
Groundwater, 308.6 
n = 15 
W. Nish. R., 13.2 
n = 6 
295.3 
918.7 
296.6 
622.1 
Downs tream 
of Avoca 
Groundwater, 74.7 
n = 9 
W. Nish. R., 18.3 
n = 7 
56.3 n.s. 
372.0 
307.8 
64.2 n.s. 
**Highly significant. 
^Significant. 
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Mean K Mean CI Mean 
concen- Difference concen- Difference specific Difference 
tratxon, between tration, between conductance between 
ppm means ppm means mho/cm means 
11-96 31.0 2830.6 
6.64** 17.2** 2014.1 
5.32 13.8 816.5 
11.96 31.0 2830.6 
6.20 
5-76* 
17.8 
13.1* 
650.0 
2180.6 
5.32 13.8 816.5 
9.34 
4.02* 
16.9 
3-1 n.s. 
654.2 
162.3 n.s. 
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This suggests that little groundwater movement in the plane of section L-L' 
takes place from the groundwater system upstream of Avoca to that down­
stream. This suggestion adds emphasis to the question raised previously of 
the ultimate course of groundwater in the Irwin-Avoca reach. 
Mean concentrations of sodium, total hardness, potassium, chloride, 
and the mean value of specific conductance for groundwater upstream of 
Avoca are greater than those of the river water. Most groundwater samples 
upstream of Avoca were taken from basal drift aquifers located at least 300 
feet beneath the river channel bottom. Similarity of the groundwater qual­
ity at this depth with surface water quality might not be expected regard­
less of the flow conditions near the surface. 
Downstream of Avoca, the only significant difference in the quality 
parameters between river low-flow water and groundwater was found in mean 
potassium concentrations- The mean value for river potassium was signifi­
cantly greater than that for groundwater. Four of five quality parameters 
indicate similarity of surface and groundwater below Avoca. This similarity 
can be attributed generally to the relatively shallow depths from which the 
groundwater samples were obtained. It is also believed to be a reflection 
of mixing of surface and subsurface waters. Comparison of chloride concen­
tration in river low-flow below Avoca with that of the groundwater in the 
Malvern II-L' reach shows that mean groundwater chloride concentration is 
significantly less than that of the river (difference between means = 
9.19 ppm *, 3 d.f.). Groundwater recharge in the Malvern II-Randolph reach 
during high river flow of low chloride concentration may contribute to this 
difference. Data from study of the Des Moines River between Boone and Des 
Moines, Iowa, (Baumann and Kelman, 1970) shows that peak discharge is accom-
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panîes by fourfold decreases in river chloride concentrations from low flow 
values. 
Log-transformed values of specific conductance and chloride concentra­
tion of groundwater from wells 190, 204, 196, and 209 in the Henderson-
Hastings reach (Figure 23) were found to vary linearly with horizontal 
distance from Henderson. Linear regression of the transformed values on 
distance (in miles) from Henderson was effective (Table 14) and yielded 
equations (7) and (8) that indicate that specific conductance and chloride 
concentration increase from initial low values in well 190 near Henderson 
in a systematic manner along the path of groundwater flow. 
Table 14. ANOV, variation of log specific conductance and log chloride 
concentration in groundwater with distance from Henderson 
Source d.f. 
Sum of 
squares 
Mean 
square F 
Specific Total (uncorr.) 4 30.992 
conductance Adj. for mean 1 30.719 
Total (corr.) 3 0.2730 
Regression 1 0.2622 0.2622 48.55* 
Residual 2 0.0108 0.0054 
r^ = 0. 960 
Chloride Total (uncorr.) 4 5.0127 
Adj. for mean 1 3.5891 
Total (corr.) 3 1.4236 
Regression 1 1.3581 1.3581 41.53* 
Residual 2 0.0655 0.0327 
r: = 0. 953 
*Significant. 
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log specific conductance = 2.259 + 0.1335 distance (7) 
log chloride concentration = -0.215 + 0.303 distance (8) 
The initial low specific conductance and chloride concentration of ground­
water near Henderson is seen to be the result of groundwater recharge from 
high river flow. The systematic increase of these quality parameters is 
considered to be the result of solution along the groundwater flow paths. 
Sections through the Fremont Channel 
A series of cross sections was developed through the Fremont Channel 
from Corley to Malvern II. This line of section follows the Fremont Channel 
in that portion of its length that courses to the west of the West Nishna-
botna River in the west central portion of the Basin. The methods of con­
struction of the profiles were the same as for sections L-L', with the 
exception of the method employed in locating the top of the zone of satura­
tion. The configuration of the water table was estimated from the vertical 
position of perennial streams, the location of the base of the loess, and 
the configuration of the land surface. 
Geologic section M-M (Figure 24) serves to indicate the distribution 
of known drift aquifer material in the Channel. Pro-glacial sand and 
gravel are present in all but three of the boreholes that extend to the 
bedrock surface. Sand and gravel are also present within the drift at sev­
eral levels. 
Inspection of hydrologie section M-M' (Figure 25) discloses four upper 
level local groundwater flow systems and a lower level intermediate flow 
system (flow system designations after Toth, 1963). The local flow systems 
originate beneath the upland tracts of the section and produce flow to the 
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Figure 25. Hydrologie section through the Fremont Channel 
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adjacent lowlands. The local systems apparently interact with the inter­
mediate system in adding to its flow. The intermediate groundwater flow 
system maintains its identity until it merges with the local flow system 
associated with the West Nishnabotna River at the lower end of section M-M*. 
This intermediate system provides the path for groundwater movement out of 
the Irwin-Avoca reach of section L-L' and is responsible for its transmis­
sion to the lower Basin. 
The potential field in the vicinity of the West Nishnabotna River at 
the upper end of hydrologie section M-M' indicates that local groundwater 
flow moves to it from beneath the adjacent uplands. As the field is drawn, 
the river is effluent at Corley, but the intermediate groundwater system 
underflows it there. 
A potential source is indicated near the bedrock surface in the mid-
portion of hydrologie section M-M'. This source is identified on the basis 
of data from well No. 368 and eight other wells which bottom at lesser 
depths to the south. This unusual hydraulic head potential source indicates 
that the drift is receiving recharge from Pennsylvanian bedrock. Well 368 
is a most unusual well. It is completed in 55 feet of pro-glacial sand and 
gravel and presently flows at a controlled rate of 6.5 gpm. The well is 
reported to have produced upon its completion a maximum of 140 gpm with a 
head 11 feet above ground level. Well 368 is the only known flowing well 
in the Nishnabotna River Basin. 
A relatively closely spaced set of four equipotential lines appears in 
the lower drift beneath Mud Creek. This zone of high potential gradient 
may be indicative of the presence of drift of low permeability. 
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The results of mineral analysis of water samples taken in section M-M' 
are graphically summarized in Figure 26. It seems that the 21 deep drift 
wells sampled in section M-M' penetrate a rather homogeneous groundwater 
system. The quality data from wells 390, 395, 397, and 199 were not con­
sidered as part of this system for the analysis of numerical data-
Nitrate was detected in water from wells 470 and 481 at concentrations 
of 0.23 ppm and 1.91 ppm, respectively. This occurrence of nitrate in hori­
zontal proximity to the Corley-Avoca reach of the West Nishnabotna is 
viewed as an indication of influent conditions within the reach. 
Models were fitted to the variation of deep drift water quality from 
the upper to the lower end of section M-M'. Effective regressions yielding 
equations with significant regression coefficients indicate an ultimate 
decrease in potassium concentration, total hardness, and specific conduc­
tance with distance (in miles) along the path of intermediate groundwater 
flow-
Potassium concentration = 11.78 - 0.1228 distance (9) 
Log total hardness = 2-91 - 0.0122 distance (10) 
Specific conductance = 2655 + 31.38 distance -
1.62 (distance)^ (11) 
Regression of chloride concentration on distance was also effective and 
yields a significant regression coefficient, but equation (12) indicates 
increasing chloride concentration along the path of intermediate flow. 
Chloride concentration = 31.26 + 0.4336 distance (12) 
The observed chloride concentrations (Figure 27) seem to roughly fit a 
bipartite variation with distance along the path of flow, with a marked 
increase in values beginning between mile 16 and 22. Straight line seg-
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meats were fitted to this apparent bipartite distribution, but resulting 
regression coefficients were not significant. Nevertheless, because a 
potential source of groundwater thought to move from the bedrock into the 
drift is located between mile 16 and 22, the apparent increase in rate of 
change of chloride concentration in the interval may be meaningful. 
Comparison of silica concentrations in groundwater up and downstream 
from well 368 in the interval from mile 16 to 22 was made. It was found 
that the mean silica concentration in groundwater upstream (20.32 ppm) is 
significantly greater than that downstream (14.36 ppm). Water issuing from 
a Pennsylvanian limestone unit could reasonably be expected to exhibit 
lower silica than water from sand and gravel. Therefore, it is concluded 
that the difference in silica concentration noted above results from 
recharge to the pro-glacial aquifer from Pennsylvanian rock in the vicinity 
of the bottom of well 368 in section M-M'. Recharge from the bedrock as 
well as flow additions from local flow systems originating at the surface 
influence variations in the quality of groundwater in the intermediate 
system of section M-M'. Evaluation of the relative contributions from 
these two sources to the chemistry of the intermediate groundwater system 
would require knowledge of shallow drift and bedrock water quality. 
Section through the Glenwood Chute 
The line of profile of section A-A'-A'' (Figure 28) through the Glen­
wood Chute is indicated in Figure 3. Section A-A'-A" illustrates the 
thick and persistent pro-glacial aquifer in the Glenwood Chute. The hydrau­
lic head potential field extends from the zone of influence of the Missouri 
River valley to that of the West Nishnabotna River valley. The west side 
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Figure 28. Hydrogeologic section through Glenwood Chute 
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of the field of the West Nishnafaotna River valley appears reduced in west­
ward extent by the influence of the Missouri River valley through the Chute. 
While this distortion is not of the degree to cause loss of water from the 
West Nishnafaotna River to the west, it does have the effect of reducing 
local groundwater flow to it. 
Groundwater flow to the Missouri River valley begins three to four 
miles east of the surface divide. Thus groundwater is lost from the Nishna­
faotna Basin through the Glenwood Chute. A conservative estimate of the 
volume of this flow is placed at 474,000 gpd using a potential gradient of 
ten feet per mile, a flow cross section of 528,000 square feet, and a per-
2 
meafaility for the pro-glacial aquifer of 475 gpd/ft . This discharge is 
likely quite small in comparison to other terms in the total water budget 
of the Basin. It represents an estimate of the sustained groundwater yield 
from the pro-glacial aquifer in the Glenwood Chute. 
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AREAL VARIATION OF GROUNDWATER QUALITY 
Nitrate 
Nitrate was detected in groundwater from 54 of 260 cased wells com­
pleted in basal drift and upper bedrock aquifers. It is assumed that some 
of these occurrences may be due to contamination of the samples at the sur­
face. The majority of the occurrences of nitrate, however, are located in 
known or proposed natural recharge areas and are considered as evidence of 
input of surface waters containing nitrate (Figure 29). 
Twenty-three of 54 occurrences of nitrate are within two miles of the 
Basin divide, where it is expected that groundwater flow will have appre­
ciable vertical downward components associated with surface recharge. Six 
nitrate occurrences are within two miles of the hydraulic head divide 
between the East and West Nishnabotna sub-basins, which places them also in 
recharge areas. 
Three nitrate occurrences, enclosed by a dashed line in the lower 
Basin (Figure 29), are those previously noted within the Malvern II-Randolph 
reach. Three other occurrences, also denoted by dashed line enclosure, in 
the upper Basin are located adjacent to the Corley-Hancock reach. These 
occurrences are indicative of recharge in the reaches of nitrate-bearing 
surface water. 
The remaining nitrate occurrences defy explanation on the basis of the 
regional groundwater flow pattern, but they add to the mounting evidence 
that communication between surface and subsurface waters occurs in many 
places. They may result from input of nitrate-bearing surface water to 
Figure 29. Occurrence of nitrate in groundwater of basal drift and upper 
bedrock aquifers 
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local flow systems in which case their location would not necessarily bear 
an obvious relation to the regional groundwater flow pattern. 
Whereas all but one of the noted nitrate concentrations in deep cased 
wells of the drift and upper bedrock units are below the recommended limit 
for drinking water quality, it must be assumed that these concentrations 
may rise with time. It is recommended that some of these wells be monitored 
to determine if any systematic increase in nitrate occurs. In the one-year 
period of observation of variation of well water quality of this study, no 
systematic nitrate trends could be seen. Long-term observations will be 
required -
Sulfate 
Sulfate is the dominant anion in the sampled groundwater over large 
areas of the Nishnabotna River Basin (Figure 30). In fact, groundwater of 
the areas of sulfate concentration of 1000 ppm or more can be classed as 
brackish water. This water is often encrusting and in many locations, 
because of its high conductivity, is very corrosive. Occurrence of high 
sodium and magnesium concentrations with high sulfate gives the water laxa­
tive properties- Where sulfate concentrations drop below 500 ppm, the 
groundwater generally is less highly mineralized and bicarbonate becomes 
the dominant anion. There are areas (Figure 30) of no detectable sulfate 
in groundwater. These areas, enclosed by the zero concentration contours, 
are all located in natural recharge areas astride either the Basin divide 
or the sub-basin hydraulic head divide. High sulfate concentrations do 
exist in the northeastern and southern portions of the Basin in areas 
astride the sub-basin hydraulic head divide. Stagnation of groundwater due 
Figure 30. Sulfate concentration, groundwater of basal drift, and upper 
bedrock aquifers 
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to relatively low drift and upper bedrock permeabilities may be responsible 
for this. 
It will be noted in following the West Nishnabotna River from the 
upper Basin to the south that it traverses decreases in groundwater sulfate 
concentration in the Avoca-Hancock and Malvern-Randolph reaches. These 
decreases are believed to result from influent river flow in the reaches. 
Groundwater sulfate concentration is low in the vicinity of Henderson in 
the presence of a short influent river reach. The 300-foot thickness of 
drift between the surface and the pro-galcial aquifer in the Corley-Avoca 
reach apparently serves to mask dilution effects on groundwater sulfate 
concentration from influent river water in the reach. 
Chloride 
The assumption used in interpretation of the significance of areal 
variation in groundwater chloride concentration (Figure 31) is that dilu­
tion affected by input of low-chloride water in recharge areas is the main 
factor governing the variation. 
With the exception of an area of anomalously high groundwater chloride 
concentration astride the Basin divide at the northern end of the Basin and 
an area astride the sub-basin hydraulic head divide in the south, the zones 
associated with these recharge areas exhibit low groundwater chloride con­
centrations. The exceptionally high chloride concentrations, noted above, 
may be related to stagnant groundwater conditions. 
Chloride concentrations increase from the Basin divide towards the 
interior with greatest concentrations occurring along the West Nishnabotna 
River-Fremont Channel axis. A major deviation from this pattern can be 
Figure 31. Chloride concentrations, groundwater of basal drift, and upper 
bedrock aquifers 
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seen in the southern portion of the Basin, where the zone of greatest chlo­
ride concentration is shifted to the east, away from the West Nishnabotna 
River. This deviation results in a marked decrease in groundwater chloride 
concentration between Malvern and Randolph and is believed caused by the 
influent Malvern-Randolph reach. The influent flow in the Malvern-Randolph 
reach may be responsible, in part, for depressed groundwater chloride con­
centrations as far south as the confluence of the East and West Nishnabotna 
Rivers. 
Groundwater chloride concentrations are relatively low near the river 
for several miles downstream of Henderson, where an influent reach has been 
identified. 
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SUMMARY OF CONCLUSIONS 
Evidence from low-flow river discharge data, the patterns of spatial 
variation of hydraulic head potential, river and groundwater quality rela­
tions, and subsurface geology indicate important interrelations between 
stream flow of the West Nishnabotna River and groundwater flow. The Fremont 
Channel is believed to exert a strong drawdown effect where it veers away 
from the river in the Corley-Hancock reach dominating the drawdown effect 
of the West Nishnabotna valley in the reach and causing loss of river flow 
to the intermediate groundwater system. Transmission of this water, with 
additions from local flow and bedrock recharge, takes place through the 
Channel to the lower Basin with a flow rate limited by low transmissibility 
in the Channel beneath Mud Creek (see Figure 25, section M-M'). At the 
point where the Channel comes into horizontal coincidence with the West 
Nishnabotna valley in the Malvern II-Randolph reach, it is likely transmit­
ting less groundwater than its capacity. The Channel widens and, contain­
ing the thickest pro-glacial sand and gravel aquifer in the Basin, exerts 
drawdown that results in influent river conditions in the reach. The 
hydraulic influence of the Missouri River valley through the Glenwood Chute 
has been shown to limit the westward extent of local flow to the Nishna­
botna valley in the Malvern-Randolph reach, thus contributing another cause 
for abnormal river flow. 
Effluent groundwater adds to river flow in the Hancock-Macedonia reach 
as groundwater is forced to the surface by the bedrock high at Macedonia. 
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A short influent reach of the West Nishnabotna River is identified at 
Henderson. This reach is immediately downstream from the Macedonia bedrock 
high. 
Discharge to the river occurs downstream of Henderson to Malvern II. 
The Randolph-Anderson reach is normally effluent, also. 
Groundwater recharge areas in the West Nishnabotna River sub-basin 
occupy expected upland positions as the result of the topographic influence 
on groundwater flow. Recharge areas are also found in part of the river 
valley as a consequence of the dominance in these areas of the effects of 
zones of high subsurface permeability- These recharge areas are the sites 
of input of surface water not only to the river alluvium but in two cases 
to a much more voluminous system of thick glacial drift residing in a 
buried bedrock valley. The ultimate effects of river recharge on ground­
water quality in the West Nishnabotna sub-basin are not known. It is 
apparent, however, that river water quality has the opportunity to influ­
ence more than just the alluvial groundwater quality. 
Exportation of groundwater from the Basin at locations other than the 
surface outlet occurs only through the Glenwood Chute. It is estimated 
that 474,000 gpd flow through the pro-glacial aquifer to the Missouri River 
valley. 
Associated with the Yarmouth paleosol and situated beneath it in large 
areas of the southwestern portion of the Basin is a discontinuous layer of 
sand and gravel up to 20 feet in thickness. This Yarmouth sand is a viable 
source of shallow groundwater where it occurs. 
Beneath the lowermost drift unit and located within the Fremont Chan­
nel and its tributaries is a laterally persistent pro-glacial aquifer com­
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posed of up to 100 feet or more of unconsolidated sand and gravel. This 
aquifer is important as a large volume source of groundwater in the West 
Nishnabotna sub-basin. 
125 
REFERENCES CITED 
American Public Health Association. American Water Works Association and 
Water Pollution Control Federation. 1965. Standard methods for the 
examination of water and wastewater. 12th ed. New York, N.Y., Ameri­
can Public Health Association, Inc. 
Backsen, L. B. 1963. Geohydrology of the aquifer supplying Ames, Iowa. 
Unpublished M.S. thesis. Ames, Iowa, Library, Iowa State University. 
Baumann, E. R. and Kelman, Sheldon. 1970. Preimpoundment water quality 
study, Saylorville Reservoir, Des Moines River, Iowa. Annual Report. 
Ames, Iowa, Engineering Research Institute, Iowa State University. 
Bruin, Jack. 1965. Estimating well yield from test hole samples. Layne-
Deep Waters 1: 7-8. 
Burchett, R. R. and Dreezen, V. H. 1964. Configuration of the pre-
Pleistocene bedrock surface of southeastern Nebraska. Nebraska Geo­
logical Survey Report of Investigations 1-
Chamberlain, R. L. and Jowet, D. 1969. The Omnitab programming system, a 
guide for users. Multigraphed. Ames, Iowa, Statistical Laboratory, 
Iowa State University. 
Dobrin, M. B. 1960. Introduction to geophysical prospecting. New York, 
N.Y., McGraw Hill, Inc. 
Freeze, R. A. and Witherspoon, P. A. 1967. Theoretical analysis of 
regional groundwater flow: 2. Effect of water table configuration 
and subsurface permeability variation. Water Resources Research 3: 
623-634. 
Heim, G. E., Jr. and Howe, W. B. 1963. Pleistocene drainage and deposi-
tional history in northwestern Missouri. Kansas Academy of Science 
Transactions 66: 378-392. 
Hershey, H. G. , Brown, C. N., Van Eck, 0. J. and Northup, R. C. 1960. 
Highway construction materials from the consolidated rocks of south­
western Iowa. Iowa Highway Research Board Bulletin 15. 
Hill, R. A. 1950. Effective use of the American Paulin System surveying 
altimeter. Los Angeles, American Paulin System. 
Hitchon, Brian. 1969a. Fluid flow in the Western Canada sedimentary basin: 
1. Effect of topography. Water Resources Research 5: 186-195. 
Hitchon, Brian. 1969b. Fluid flow in the Western Canada sedimentary basin: 
2. Effect of geology. Water Resources Research 5: 460-469. 
126 
Hubbert, M. K. 1940. The theory of ground-water motion. Journal of Geol­
ogy 48: 785-944. 
Iowa Natural Resources Council. 1955. An inventory of water resources and 
water problems, Nishnabotna River Basin, Iowa. Iowa Natural Resources 
Council Bulletin 2. 
Kay, G. F. and Apfel, E. T. 1929. Pre-Illinois Pleistocene geology of 
Iowa. Iowa Geological Survey Annual Report 34. 
Kent, D. C. 1969. A preliminary hydrogeologic investigation of the upper 
Skunk River Basin. Unpublished Ph.D. thesis. Ames, Iowa, Library, 
Iowa State University. 
Knochenmus, D. D. 1962. Alluvial history of the Nishnabotna Valley, south­
western Iowa. Unpublished M.S. thesis. Ames, Iowa, Library, Iowa 
State University. 
Landon, R. A. 1969. Application of hydrogeology to the selection of 
refuse disposal sites. Ground Water 6: 9-13. 
Norris, S. E. 1959. Vertical leakage through till as a source of recharge 
to a buried valley aquifer at Dayton, Ohio. Ohio Department of Natu­
ral Resources, Division of Water Technical Report 2. 
Norris, S. E. 1963. Permeability of glacial till. U.S. Geological Survey 
Prof. Paper 450-E: 150-151. 
Norton, W. H., Hendrixson, W. S., Simpson, H. E. and Meinzer, 0. E. 1912. 
Underground water resources of Iowa. U.S. Geological Survey Water-
Supply Paper 293. 
Rose, H. G. and Smith, H. F. 1957. A method for determining permeability 
and specific capacity from effective grain size. Illinois State Water 
Survey Circular 59. 
Ruhe, R. V. 1969. Quaternary landscapes in Iowa. Ames, Iowa, Iowa State 
University Press. 
Ruhe, R. v . ,  Daniels, R. B. and Cady, J. G. 1967. Landscape evolution and 
soil formation in southwestern Iowa. U.S. Department of Agriculture, 
Soil Conservation Service Technical Bulletin 1349. 
Scalf, M. R., Dunlap, W. J., McMillion, L. G. and Keeley, J. W. 1969. 
Movement of DDT and nitrates during groundwater recharge. Water 
Resources Research 5: 1041-1052. 
Schoell, J. D. 1967. The hydrogeology of the Skunk River regolith aquifer 
supplying Ames, Iowa. Unpublished M.S. thesis. Ames, Iowa, Library, 
Iowa State University. 
127a 
Sendlein, L. V. A., Henkel, D. E. and Hussey; K. M. 1968. Geology of the 
regolith aquifers of the Nishnabotna Basin. Multigraphed. Iowa State 
Water Resources Research Institute, Completion Report, Project No. 
A-012IH. 
Shimek, Bohumil. 1909. Aftonxan sands and gravels in western Iowa. Geo­
logical Society of America Bulletin 20: 339-408. 
Smith, T. A. 1971. Seismic refraction investigation of the Manson.dis­
turbed area. Unpublished M.S. thesis. Ames, Iowa, Library, Iowa 
State University. 
Staub, W. P. 1969. Seismic refraction, a technique for subsurface investi­
gation in Iowa. Unpublished Ph.D. thesis. Ames, Iowa, Library, Iowa 
State University. 
Steinhilber, W. L., Van Eck, 0. J. and Feulner, A. J. 1961. Geology and 
groundwater resources of Clayton county, Iowa. Iowa Geological Survey 
Water-Supply Bulletin 7. 
Stiff, H. A., Jr. 1951. The interpretation of chemical water analyses by 
means of patterns. Journal of Petroleum Technology 3, Technical Note 
84: 15-16. 
Toth, J. 1963. A theoretical analysis of groundwater flow in small drain­
age basins. Journal of Geophysical Research 68: 4795-4812. 
U.S. Geological Survey. 1961. Surface water supply of the United States, 
1960. Water-Supply Paper 1710, Part 6-B. 
U.S. Geological Survey. 1962. Water resources data for Iowa, 1961 : 1. 
Surface water records. Multilithed annual report. Iowa City, la.. 
Water Resources Division, U.S. Geological Survey. 
U.S. Geological Survey. 1964. Water resources data for Iowa, 1963 : 1. 
Surface water records. Multilithed annual report. Iowa City, la.. 
Water Resources Division, U.S. Geological Survey. 
U.S. Geological Survey. 1965. Water resources data for Iowa, 1964 : 1. 
Surface water records. Multilithed annual report. Iowa City, la.. 
Water Resources Division, U.S. Geological Survey. 
U.S. Geological Survey. 1966. Water resources data for Iowa, 1965 : 1. 
Surface water records. Multilithed annual report- Iowa City, la.. 
Water Resources Division, U.S. Geological Survey. 
van Everdingen, R. 0. 1963. Groundwater flow-diagrams in sections with 
exaggerated vertical scale. Canadian Geological Survey Paper 63-27. 
Van Voast, W. A. and Novitzki, R. P. 1968. Ground-water flow related to 
stream flow and water quality. Water Resources Research 4: 769-775. 
127b 
Ver Steeg, D. J. 1968. Electric analog model of the regolith aquifer sup­
plying Ames, Iowa. Unpublished M.S. thesis. Ames, Iowa, Library, 
Iowa State University. 
128 
ACKNOWLEDGMENTS 
The writer is especially indebted to Dr. Lyle V- A. Sendlein who sug­
gested this study, helped plan the attack, provided guidance in the analy­
sis, and criticized the results. Special thanks goes to Dr. Keith M. 
Hussey who helped provide a framework for understanding the complexities of 
the glacio-fluviatile deposits that were the object of much of this investi­
gation- Dr. Hussey's suggestions and criticisms during the period of study 
were most helpful. 
Dr. Merwin D. Dougal of the Civil Engineering Department served as 
project consultant on stream discharge measurement and analysis techniques 
and must be thanked for his suggestions and comments on these matters. 
Appreciation is extended to Dr. John Leraish who urged that temporal 
variation in deep groundwater quality be investigated. 
Dr. E. Robert Baumann, Department of Civil Engineering, Dr. Howard P. 
Johnson, Agricultural Engineering Department, and Dr. Roger W. Bachmann, 
Department of Zoology and Entomology, contributed to the writer's valuable 
learning experiences in their fields of interest in the broad field of 
Water Resources. 
Tom Smith served as seismic observer during two-thirds of the seismic 
field work and is thanked for his key role in setting up the SIE seismic 
recording system for first arrival refraction work. 
Gilbert Klefstad operated efficiently and with the necessary investiga­
tive imagination in helping to complete the water well field check in 1970. 
This investigation was made possible through the support of the Iowa 
State Water Resources Research Institute (ISWRRI Project No. A-030-IA). 
129 
The writer was privileged to study and work for one year during this 
project as a National Defense Education Act Fellow under the auspices of 
the Office of Education, Department of Health, Education and Welfare. 
My wife's patience and understanding is deeply appreciated. Her 
encouragement through her own example has been most helpful. 
130 
APPENDIX A: BOREHOLE DATA 
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Table 15. Post-Cherokee borehole data summary 
Bore­ Hydrau­ Aquifer 
hole Surface Total Bedrock lic thickness. Yield 
number Location elevation depth depth head lithology gpm 
T1 SE 29 71 38 1007 253 159 15, s & g _ _  
W2 NW 7 67 39 1151 422 418 931 18, s & g 8 
W3 m 21 67 39 1104 241 —  —  —  —  8, s & g 
W4 NE 17 68 39 1138 240 —  —  1062 
T4.1 SW 8 69 38 173 165 1, gravel 
T5 SW 6 69 39 966 100 91 972 
W6 SW 28 69 39 1145 415 220 1100 Is. 50 
W7 SW 30 69 39 1057 160 160 1014 12, s & g 10 
W8 NE 31 69 39 1098 272 — , s & g 8 
W9 NW 31 69 39 1095 222 222 1004 7, s & g 8 
TIO NE 32 69 39 258 255 — —  
WIl SW 9 70 38 1193 150 130 1092 20, s & g - -
W12 NW 11 70 38 1150 91 91 1088 11, sand » — 
W13 SE 27 70 39 86 —  —  —  —  16, sand 120 
W14 NW 21 70 39 1148 270 227 1094 7, sand 10 
T15 NE 26 70 39 80 68 30, gravel —  —  
W16 SW 30 70 39 1148 241 —  —  1046 12, s & g 7 
W17 SE 2 67 40 1191 389 - - 961 -  —  
T18 SE 8 67 40 1170 150 » w 1054 » » =  
TlS.l SE 8 67 40 1102 1280 400 — 
T19 NW 15 67 40 1175 408 350 —  - 5, s & g — 
W20 NW 33 67 40 1110 346 346 1105 10, gravel 10 
W21 NW 4 67 41 1030 180 180 915 — — —  
W22 NW 5 67 41 1065 300 932 - - - -
T22.1 SE 7 67 41 1035 133 64 » — — — 
T23.3 SE 9 67 41 1050 319 278 
T23.2 SW 12 67 41 1036 377 130 —  —  
T23.4 SW 16 67 41 1022 349 46 —  —  
WZ6 NE 3 67 42 988 150 —  —  930 —  —  
W27 SW 3 67 42 1021 82 981 4, sand 5 
W24 NE 8 67 42 935 87 76 898 15, sand 15 
W28 NE 13 67 42 1057 265 94 935 5, ss. 
W25 SE 23 67 42 976 93 81 936 9, sand 5 
W29 NE 13 68 40 1111 320 • 1039 10 
W30 SW 16 68 40 1020 280 —  —  889 —  —  
T33.2 NW 27 68 41 988 248 77 2, s & g 
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Table 15. (Continued) 
Bore- Hydrau- Aquifer 
hole Surface Total Bedrock lie thickness. Yield, 
number Location elevation depth depth head lithology gpm 
W33. 1 SW 28 68 41 975 69 69 _ _  16 
T33. 3 NE 30 68 41 921 297 198 — — — -
T34 NE 30 68 41 925 122 120 - - 18, gravel 
W35 SW 31 68 41 — — 232 232 — — — 
W36 NW 34 68 41 300 ~ -
W37 SE 10 68 42 1077 140 140 991 - - - -
W37. 2 SE 15 68 42 1121 230 — — — — M — » — 
W38 C 21 68 42 1236 270 — — 17, sand 
W39 SE 21 68 42 1198 195 20, sand 
W40 NW 26 68 42 1100 182 — — 994 30, s & g 10 
W41 NE 28 68 42 1211 1050 - -
W42 NE 28 68 42 1194 163 — — 1045 18, s & g 5 
W43 NW 28 68 42 1229 235 — — 1028 37, sand 10 
T44 NW 29 68 42 1150 288 288 23, gravel 
W45 SW 32 68 42 1165 260 248 962 18, s & g 15 
W47 NE 1 69 40 1119 213 1017 10, sand 15 
W48 SW 8 69 40 1048 208 115 910 Is. - -
W49 NE 12 69 40 1040 154 149 998 10, s 6c g 10 
W50 12 69 40 w 141 — — •a = 21, sand 10 
W51 NE 14 69 40 34 — — 9, gravel 50 
W52 SE 15 69 40 1019 120 — — 929 — 
T53 SW 16 69 40 1000 163 160 - — 
T54 20 69 40 — — 180 175 — — 2, sand --
W57 SW 7 69 41 1000 220 — — 940 50, sand 8 
W55 NE- 13 69 41 1070 200 — mm 910 mm M — — 
W56 SE* 17 69 41 70 - - 45, gravel 
W58 SE 25 69 41 983 192 — — 958 75, sand 15 
W59 NE 27 69 41 1065 129 — — 960 25, sand 
W60 NE 32 69 41 935 54 927 24, s & g 18 
W61 SE 2 69 42 - - 137 - - 12, sand 10 
W62 NE 2 69 42 — — 95 — — « — 8, s & g 10 
W63 NE 3 69 42 1160 174 — — 1000 8, sand — -
W64 NE 4 69 42 1240 220 200 1120 150, till 
W65 NE 8 69 42 1210 150 1128 - - • -
«66 NW 10 69 42 1235 185 — — 1087 --
T67 NW 13 69 42 1080 257 257 — -
\ 
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Table 15. (Continued) 
Bore­ Hydrau­ Aquifer 
hole Surface Total Bedrock lic thickness. Yield 
number Location elevation depth depth head lithology gpm 
W68 • NE 15 69 42 1180 119 1094 6, sand 6 
W69 NW 33 69 42 1142 180 — — 1002 50, gravel 10 
W70 NE 36 69 42 1053 110 — — 978 30, s & g — — 
W71 SW 1 70 40 1072 180 992 - - 10 
W72 NE 14 70 40 1070 206 — — 1005 
W73 NE 2 70 41 1095 272 988 
W74 SW 3 70 41 995 192 965 
W76 SW 6 70 41 1072 136 — — 980 46, sand 10 
W77 SW 9 70 41 980 53 — — 966 20, s & g 226 
W78 NE 11 70 41 1080 248 248 967 27, sand 15 
W79 SE 15 70 41 1090 81 -  —  1034 - — 
W80 NW 22 70 41 1020 210 960 33, sand 
W81 SE 36 70 41 1106 270 269 995 14, sand 15 
W82 SE 3 70 42 1160 151 134 1092 10, s & g 
W83 NW 4 70 42 1220 276 231 1105 24, sand 20 
W84 NW 9 70 42 1230 302 280 Is. 
W8Ô NE 18 70 42 1190 230 169 1047 24, sand 15 
W87 SW 22 70 42 1180 113 1089 12 
W88 NE 23 70 42 1100 104 — — 1008 — » • » 
W89 SW 26 70 42 1150 184 — — 40, sand 12 
W90 SW 27 70 42 1175 236 — — sand 9 
W92 NE 24 70 43 1100 306 293 — — 15, sand -  —  
W93 NE 5 71 38 1161 138 — — 4, gravel 5 
W94 SW 22 71 38 1203 175 90 1080 50, ss. - -
W96 NW 1 71 39 1100 140 120 1047 20, ss. 
W97 9 71 39 210 199 4, sand 8 
T98 SW 9 71 39 — - 220 — — none 
W99 NE 15 71 39 1207 212 197 1041 3, Is. 10 
WlOO NE 17 71 39 1173 176 175 1047 1, Is. 15 
WlOl SE 20 71 39 75 19, sand 6 
W102 SE 29 71 39 1162 188 154 1109 Is. 10 
W103 SW 8 72 37 1282 245 137 1111 108, ss. 10 
W104 SE 16 72 37 — - 159 121 30, ss. 
W105 NW 24 72 37 1252 200 160 40, ss. 10 
W106 NW 27 72 37 1253 218 sand 
W107 • NW 29 72 37 1274 218 138 1224 5, ss. 12 
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WHO SW 10 72 38 1155 145 120 1070 5, gravel 
will SW 14 72 38 1121 160 35 — — 85, ss. 800 
T113 NW 22 72 38 1193 233 93 — — 100, ss. 
W114 SE 22 72 38 1174 130 60 — — 40, ss. 
W115 NW 26 72 38 1147 75 20 1098 40, ss. — 
W108 NW 35 72 38 • • 1197 115 1084 sand 5 
T116 NE 3 72 39 — —. 139 » M 9, sand none 
T117 SE 8 72 39 - — 156 — — — — none none 
W118 SE 9 72 39 1150 90 80 1140 5, sand - — 
T119 NW 16 72 39 129 — — none 
W120 SW 20 72 39 12C-1 188 1059 14, sand 15 
W121 SE 22 72 39 — 194 180 — 12, ss. 
W122 SE 26 72 39 1199 245 — » 1099 sand — — 
W123 SW 29 72 39 1173 223 215 1099 10, sand 3 
W124 NW 31 72 39 1219 192 — till 5 
W125 NW 35 72 39 1167 175 175 1047 ss. — 
W126 NE 2 73 37 1285 204 133 1102 34, ss. 4 
W127 NW 10 73 37 1282 225 130 1102 95, ss. 20 
W128 11 73 37 1200 180 100 1040 60, ss. — — 
T129 SW 14 73 37 1288 200 135 - — 40, ss. none 
W130 NW 15 73 37 1297 2.22 136 1109 41, ss. 12 
W131 SW 19 73 37 1215 145 92 1103 53, ss. 12 
W132 SE 21 73 37 1237 180 130 1087 50, ss. 12 
T133 SW 24 73 37 220 155 — none none 
W134 SW 24 73 37 1277 165 135 — — 7, ss. — » 
W135 NE 29 73 37 1283 205 115 1258 73, ss. 12 
W136 SW 30 73 37 1258 183 95 1220 88, ss. 10 
W138 NW 32 73 37 1280 213 164 1230 49, ss. 20 
W139 NE 33 73 37 1278 184 183 1119 45, s & g 4 
T140 SW 36 73 37 1252 227 160 14, ss. none 
W141 SE 1 73 38 1094 107 45 1080 62, ss. 220 
W143 NE 3 73 38 1131 75 50 1106 25, ss. 15 
T144 SW 9 73 38 210 195 5, ss. none 
W145 NW 22 73 38 1198 180 1115 — 
W146 NW 29 73 38 1250 190 170 1140 10, ss. 4 
W147 NW 1 73 39 1310 210 175 1126 10, ss. — 
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W148 NE 12 73 39 1271 160 _ _  1131 .. _ _  
W149 SW 23 73 39 1274 232 195 1087 14, ss. 
W150 NE 5 71 40 1159 220 220 1089 11, sand 10 
W152 SW 31 71 40 1152 386 386 972 s & g 50 
T154 SE 7 71 41 1055 2236 144 none none 
T155 NE 23 71 41 1120 244 213 4, sand — 
T155.1 NW 29 71 41 1035 276 275 963 25, sand — 
T157 NE 29 71 41 967 1320 223 -  —  200, s & g - — 
T158 NE 29 71 41 973 770 238 40, gravel - — 
W159 NE 34 71 41 1070 255 —  —  960 183, sand 20 
T160 SW 4 71 42 1140 188 188 —  —  none none 
W160.2 SW 7 71 42 1260 208 1087 4 
T160-1 SE 8 71 42 1155 385 385 — M 105, s 6c g — 
W161 SW 11 71 42 1140 276 —  —  957 10, sand 10 
W162 NE 18 71 42 1075 200 938 
W163 NW 18 71 42 1240 387 —  - sand 
W164 NW 23 71 42 1150 305 950 20, sand 12 
W164.1 SW 32 71 42 1160 240 240 
T164.2 NE 33 71 42 1165 202 201 — — 5, sand » — 
W165 NE 1 71 43 990 180 910 
W166 NE 2 71 43 960 173 176 68, s & g 1000 
W167 NW 2 71 43 955 95 — - 39, s & g 1000 
W168 SW 13 71 43 1190 212 1000 — 
T169 SE 15 71 43 200 - - none none 
T170 10 72 40 w w 208 » « — = none none 
W171 SE 23 72 40 1055 107 —  —  1003 18, s & g 150 
W172 SE 23 72 40 1090 124 —  - 1022 14, s & g 150 
W173 SW 27 72 40 1122 160 1014 10, sand 6 
W175 SE 2 72 41 1115 198 5 
T176 NW 10 72 41 1175 400 - - none none 
W177 NE 20 72 41 1155 280 — — —  —  — —  —  —  
W177.1 NW 22 72 41 1130 341 — 
W178 SE 36 72 41 1158 325 251 1000 33, Is. 5 
W179 NE 2 72 42 1170 196 1019 
WISQ SE 7 72 42 1150 180 1015 15, sand 5 
W181 NW 11 72 42 1200 228 —  —  — 
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W181.1 NE 21 72 42 1210 212 212 _ _  „ 
T182 SE 29 72 42 1240 252 252 — — none none 
T183 SW 31 72 42 1050 180 180 — — none none 
W184 SE 7 72 43 957 101 107 36, s & g 1000 
W184.1 SW 25 72 43 1100 108 105 — — 
W185 SW 29 72 43 954 84 105, s & g 1300 
W186 SE 36 72 43 1040 213 — •_ 932 — — — — 
W188 SE 7 73 40 196 — — ss. 
T189 SW 15 73 40 1032 2836 110 — - 93, s & g 
W190 NE 15 73 40 1048 97 1013 12, gravel 15 
W191 NW 18 73 40 1160 194 — — 1080 30, sand --
T192 SW 18 73 40 — - 206 - - none none 
W193 SE 24 73 40 1147 165 135 1067 53, sand » » 
W194 SE 25 73 40 230 — — 25, gravel — 
W195 SW 25 73 40 1226 214 214 1053 — 
W196 SE 33 73 40 1171 185 185 1043 30, sand 10 
W197 NW 34 73 40 1098 145 82 1032 63, ss. 20 
W198 SW 1 73 41 1125 200 — —  - - 20, sand 8 
W199 SE 2 73 41 1080 114 » mm — » 17, sand 25 
W200 SE 4 73 41 1220 435 1088 — 
W201 NW 8 73 41 1185 260 260 985 55, s & g 10 
W202 NW 10 73 41 1185 454 454 1087 45, s & g 75 
W203 NE 12 73 41 227 — - 17, s & g 10 
W204 SE 24 73 41 1170 234 15, sand 10 
W207 SE 27 73 41 1205 411 411 1014 — « — — 
T208 SW 33 73 41 1210 480 480 none none 
W209 SE 35 73 41 1125 236 1014 10, sand 12 
W210 SW 9 73 42 1205 220 1023 20, sand — 
W211 NW 9 73 42 1165 178 1037 55, s & g 8 
W212 NW 21 73 42 1215 242 - - 1013 — 
W213 SE 34 73 42 1230 269 « « 1001 » — — — 
W218 SE 4 74 36 1268 166 120 1137 46, ss. 15 
W219 NE 9 74 36 1234 110 75 1148 35, ss. 20 
T220 SW 27 74 36 1224 115 90 none none 
W221 NE 6 74 37 1133 100 25 1109 75, ss. 280 
W222 ;NE 9 74 37 1250 155 85 — — 70, ss. 15 
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W223 NW 9 74 37 1175 104 34 1134 68, ss. 240 
W225 NW 12 74 37 1220 104 55 1189 9, ss. 18 
W226 SE 19 74 37 1085 55 45 1070 10, ss. 30 
W.227 SW 23 74 37 1296 200 135 1126 65, ss. 15 
W228 Nli: 26 74 37 1275 208 130 1095 78, ss. 20 
W229 NW 28 74 37 1152 182 110 1100 72, ss. 30 
W230 NW 35 74 37 1307 210 115 1124 95, ss. 18 
T231 NW 33 75 34 143 128 - — none none 
W232 4 75 35 1328 170 1198 
W233 SE 11 75 35 1381 260 197 1223 50, ss. 20 
W234 NE 13 75 35 1400 291 255 1210 36, ss. 10 
W235 SW 22 75 35 1310 219 192 1151 29, sand 50 
W236 NW 24 75 35 1290 245 200 1130 5, ss. 20 
W238 NW 15 75 36 1317 178 1269 
T239 NE 16 75 36 136 130 5, s & g none 
W240 NW 19 75 36 1282 151 125 1171 17, ss. 15 
W241 SE 24 75 36 198 175 8, ss. 
W242 SE 32 75 36 1299 200 120 6, ss. 
W243 SW 33 75 36 1215 75 70 1150 30, s & g 13 
W244 NW 36 75 36 1246 227 173 1181 — 
W245 SW 12 75 37 1273 147 110 1161 37, ss. 10 
W246 SE 15 75 37 1195 118 45 1103 50, ss. 10 
W247 SW 25 75 37 1308 177 130 1160 17, ss. 25 
W248 SE 31 75 37 1125 60 40 1119 43, s & g 150 
W249 SE 32 75 37 1204 156 63 1124 87, ss. 20 
W250 SE 34 75 37 1275 146 95 1157 66, s & g 18 
W252 NW 3 76 34 1470 360 1280 — 
W253 NW 8 76 34 1452 306 304 1216 50, ss. 15 
W254 NW 11 76 34 1442 275 268 1292 7, Is. 
W255 NW 6 76 35 1300 203 196 — — 7, ss. 
W256 NW 9 76 35 1255 156 141 1202 4, ss. 50 
W257 NW 10 76 35 1250 98 85 1202 13, ss. 20 
W258 SE 11 76 35 1381 203 170 1218 8, ss. 20 
W259 NW 12 76 35 1358 250 30 1223 59, ss. 10 
¥260 NE 13 76 35 1399 235 210 1224 23, ss « 7 
W261 SW 24 76 35 1375 189 — — 1196 
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W262 SW 25 76 35 1364 209 185 1181 25, ss. 
W263 SW 27 76 35 1361 211 181 1230 31, ss. — — 
W265 SE 2 76 36 1300 208 1180 35, gravel 20 
W266 SW 3 76 36 1231 157 83 1159 112, sand 50 
W267.1 SW 4 76 36 1152 83 53 1128 29, ss. 222 
W269 SW 13 76 36 1284 162 90 1184 72, ss. 7 
W271 NE 19 76 36 1375 218 — » 1187 » — — w 
W273 SE 29 76 36 1200 110 1170 sand — — 
W274 NW 30 76 36 1264 177 135 1155 30, ss. 4 
W275 SE 33 76 36 1283 177 155 1148 18, ss. 20 
W276 NE 3 76 37 1304 215 165 1154 15, ss. 
W277 NE 7 76 37 1250 226 1125 sand - — 
W279 SE 13 76 37 1240 162 131 1121 3, ss. 12 
W280 NE 25 76 37 1290 184 184 1155 — — — 
W281 SE 9 77 34 1476 282 250 1441 32, ss. 10 
W282 NE 10 77 34 1440 241 215 1233 35, ss. 10 
W283 SW 21 77 34 1365 214 170 1211 40, sand 
W284 NE 7 77 35 1237 97 45 1186 52, ss. 16 
W285 SE 25 77 35 1359 158 140 1337 18, ss. 18 
W286 SW 36 77 35 1200 85 45 1160 40, ss. 25 
W287 SE 2 77 36 1200 80 50 1166 13, ss. 60 
W289 NE 8 77 36 1270 122 100 1183 22, ss. 20 
W290 SW 12 77 36 1175 51 30 1160 21, ss. 40 
W291 NE 34 77 36 1307 162 105 1169 37, ss. 15 
W292 SE 5 77 37 1338 240 225 1238 15, ss. — — 
W293 NW 13 77 37 1344 207 207 1167 — 
W294 NE 21 77 37 1309 260 260 ss. 20 
W295 SW 23 77 37 1343 244 244 1164 — 10 
W296 NW 30 77 37 1300 247 234 1134 13, ss. — — 
W297 SW 3 74 38 1222 177 1085 12, sand 8 
W298 SW 9 74 38 1201 170 132 1081 40, ss. 7 
W299 NE 15 74 38 1270 189 115 1116 14, ss. 12 
W300 NE 16 74 38 1164 77 67 1119 10, ss. 15 
W301 SE 22 74 38 1235 182 110 1093 5, ss. 13 
W303 NE 28 74 39 188 - — ss. 
W304 NE 31 74 39 — - 115 50 - — 63, ss. - — 
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T305 NW 35 74 39 1269 200 164 1107 6, ss. 4 
W306 SE 2 74 40 1195 156 — — 1074 11, sand 28 
W307 NW 7 74 40 1268 414 — — 1123 
W308 NW 4 74 41 1240 258 — — 1117 — — 
W309 7 74 41 1240 256 — — 1046 20, s & g 150 
W310 NE 21 74 41 1080 100 1027 - - - -
T311 NE 23 74 41 1250 350 — — — —. — — mm — 
W312 SE 1 74 42 1190 219 — — 1030 27, sand 150 
W314 SE 15 74 42 1190 181 1035 30, sand 6 
W315 SW 25 74 42 1215 255 227 1035 26, s & g 20 
W316 NE 30 75 38 1305 288 — — 1097 5, sand 
W317 SW 32 75 38 1272 292 247 1094 13, ss. 10 
W318 NW 36 75 38 1254 227 162 1185 31, ss. —• — 
W319 NW 11 75 39 1242 320 135 60, ss. 
W321 SE 25 75 39 1300 257 257 1130 11, sand 
W323 SW 3 75 40 1210 260 260 — -
W324 SE 4 75 40 1220 280 280 1040 10, sand 
W325 NE 5 75 40 1155 350 360 1150 
T327 SW 7 75 40 1275 363 343 — — 40, gravel none 
W329 SW 9 75 40 1145 360 370 1125 — 
W330 NW 9 75 40 1200 325 325 1114 24, sand 3 
T332 16 75 40 1250 276 276 none 
T333 NW 16 75 40 1250 306 — 1094 10, gravel 
W334 SE 19 75 40 1280 478 — 1140 20, sand 
W335 SW 20 75 40 1265 403 — — 1135 sand — — 
W336 29 75 40 1235 386 386 1125 23, s & g 
W337 NW 30 75 40 1265 400 -  —  1140 gravel 20 
W338 NW 25 75 41 1135 297 1128 10 
T339 NW 36 75 41 409 — — none none 
W339.1 NW 4 75 42 1250 229 — 
W340 SE 5 75 42 1250 240 230 1145 20, gravel 25 
W341 SE 8 75 42 1195 199 190 1038 sand — 
W342 SW 19 75 42 1290 300 300 1034 ss. — 
W343 SW 28 75 42 1235 244 — — 1042 20, gravel 10 
W344 SW 33 75 42 1100 130 26, sand — 
W345 SE 36 75 42 1130 150 -- 1040 30, s & g 10 
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W346 SE 2 76 38 1325 220 207 1135 
•W347 NE 16 76 38 1334 160 —  —  1194 —  —  6 
W348 18 76 38 210 10, sand 
T349 NW 23 76 38 1234 170 148 13, gravel none 
W350 NE 33 76 38 1325 179 162 1175 17, ss. 10 
W351 NE 36 76 38 1300 155 152 1175 20, s & g 20 
W352 SE 3 76 39 1320 262 262 1113 7, sand 3 
W333 SW 6 76 39 1200 334 330 1170 50, s & g 7 
T354 NE 18 76 39 1108 111 102 1098 8, s & g —  —  
T355 NE 19 76 39 1135 145 145 1095 33, s & g —  —  
W356 SW 25 76 39 1300 200 —  —  1120 sand —  —  
W357 NE 28 76 39 1290 190 1120 — -
T358 NW 30 76 39 1120 66 62 1093 22, sand w » 
W363 SE 1 76 40 1230 360 360 1175 —  —  10 
W364 NW 3 76 40 1250 460 460 1150 5, sand —  —  
T365 NE 11 76 40 —  —  400 —  —  —  —  none none 
T367 NW 26 76 40 1260 300 250 1095 7, sand none 
T362 NW 30 76 40 276 - — none 
W368 SW 33 76 40 1160 410 — m» 1170 55, s & g 140 
T370 SW 34 76 40 1200 240 20, sand none 
W373 SW 7 76 41 1290 240 226 1113 10, sand 5 
T371 NE 12 76 41 —  —  none none 
W375 NW 11 76 42 1150 149 —  —  —  —  25, sand —  —  
W376 NE 13 76 42 1210 214 - - 1026 9, sand 10 
W377 NE 15 76 42 1350 197 » » 1210 34, sand 12 
W378 NE 3 77 38 1355 280 249 1166 — —  —  
W381 6 77 38 1306 267 249 1217 18, ss. 30 
W379 SW 8 77 38 1362 380 364 ss. —  —  
W380 NW 9 77 38 1330 328 287 1170 40, ss. 450 
W382 SE 14 77 38 1330 270 1151 4, sand 7 
W383 SE 22 77 38 1324 335 335 1126 — » 
W384 NE 26 77 38 1327 312 —  —  1196 sand 20 
W385 27 77 38 1300 294 294 
T386 NE 4 77 39 1275 258 251 3, sand none 
T388 NW 15 77 39 238 15, gravel none 
W390 SE 3 77 40 1320 200 —  —  —  —  —  —  — —  
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T391 NE 3 77 40 1290 490 445 _ _  25, sand 
W394 NW 16 77 40 1340 400 1160 — — —  —  
W395 NW 23 77 40 1330 180 -  —  gravel - -
T396 SE 27 77 40 1250 490 490 none none 
W397 NW 36 77 40 1325 160 — —  1200 — — — —  
W398 NW 3 77 41 1344 328 328 1076 32, sand — 
W399 NE 3 77 41 1400 325 325 —» — 32, sand — —  
W400 NE 5 77 41 1131 130 130 1075 12, sand — 
W400.1 SE 10 77 41 1330 49 225 — — — — — 
W400.2 SE 15 77 41 1200 120 — — - - — 
W401 SE 27 77 41 1300 420 —  —  —  -
W402 NW 32 77 41 1225 178 135 — — 30, ss. — 
W403 SW 27 78 33 1425 316 275 1172 25, ss. 12 
W404 SW 18 80 33 1450 283 255 20, ss. 
W405 NE 2 78 34 1450 109 — - 1373 10, gravel 40 
W406 NW 5 78 34 1300 142 140 1276 2, ss. 10 
W407 NW 6 78 34 1420 272 255 1188 17, ss. 10 
W408 NE 14 78 34 1459 322 290 1199 32, ss. 10 
W409 2 78 35 1425 299 290 1156 9, ss. 10 
T410 SE 4 78 35 — — 245 - - 5, gravel none 
W411 NW 29 78 35 1310 226 195 1173 31, ss. 20 
W412 SW 33 78 35 1400 300 300 1185 24, sand. 5 
W414 NW 36 78 35 1250 141 138 1195 13, gravel 45 
W415 SW 8 78 36 1425 354 — 1211 sand 
W416 NE 14 78 36 1425 251 245 1185 10, sand 12 
W417 15 78 36 1300 245 195 1155 10, ss. 12 
W418 SE 26 78 36 1215 66 50 1182 16, ss. 15 
W419 SW 36 78 36 1205 93 57 1170 25, ss. 4 
W420 NW 13 79 34 1500 340 334 1210 3 
W42i SW 13 79 34 1480 355 350 1360 S S .  
T422 SW 18 79 34 1295 241 180 — 35, ss. — — 
T438 NE 2 79 35 388 380 — - none none 
W423 NE 10 79 35 1300 180 —  —  — 
T424 SW 10 79 35 300 280 -  - 10, gravel none 
W425 SE 35 79 35 1340 272 272 1183 — — 
W426 NW 36 79 35 1360 218 213 5, ss. 6 
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W427 NW 36 79 35 1360 208 1212 3 
W428 SE 22 79 36 1476 400 1366 sand 5 
W429 NW 29 79 36 1267 318 355 1200 18, gravel 100 
W430 NE 7 80 34 1450 320 1233 13, sand 6 
W431 SE 12 80 34 1450 281 257 1205 20, ss. -  —  
W432 NE 19 80 34 1450 340 318 1260 20, ss. 
W433 SE 21 80 34 1450 303 284 1190 17, ss. 
W435 SE 5 80 35 1450 300 300 1165 —  —  —  —  
W436 NW 6 80 35 1382 —  —  224 1233 —  —  
W437 NW 7 80 35 1472 364 338 1222 21, SS . —  —  
W439 NE 19 80 36 1454 432 403 1289 23 
W440 NW 5 81 34 1434 281 1203 
00 r-4 
s & g 10 
W441 NW 7 81 34 —« M 323 mm mm 20, ss. — » 
W442 SW 16 81 34 1450 318 235 1225 80, ss. 7 
T443 SW 21 81 34 — —  420 290 20, ss. none 
W444 SW 29 81 34 —  —  205 185 20, sand 10 
W445 1 81 35 1383 270 245 1193 40, s & g 35 
W446 SE 17 81 35 1381 244 1221 24, sand 20 
W447 NE 27 81 35 1475 325 299 1310 15, ss. 30 
W448 NE 3 81 36 1511 412 — — 1241 11, s & g 13 
W450 SE 7 81 36 1477 175 1397 10, sand 30 
W451 SW 28 81 36 1419 300 290 1219 10, ss. — — 
W452 SW 30 81 36 1493 380 384 1253 16, sand 10 
W453 NW 31 81 36 1500 380 380 - -
T454 SW 1 78 37 mm » 215 M V 90, s & g — » 
W455 SW 13 78 37 1375 270 227 5, ss. —  —  
W456 NE 19 78 37 1341 224 —  —  1174 20, s & g 35 
W457 NW 24 78 37 1400 300 1181 ss. —  —  
T458 NE 2 78 38 1360 325 325 none none 
W459 SW 2 78 38 1340 405 404 1244 17 
T460 NE 4 78 38 1230 255 — — M a 25, s & g » » 
W461 SE 23 78 38 —  —  265 250 15, ss. - — 
W462 SW 27 78 38 1361 260 1173 —' —  —  
W463 27 78 38 1357 275 287 1171 - — 
W464 NW 1 78 39 1372 490 490 30, sand — — 
W465 NE 2 78 39 1345 510 510 1165 —  —  — —  
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T466 5 78 39 _ _  300 300 _ _  none none 
W467 NE 9 78 39 1200 325 290 1175 25, sand 100 
W468 NW 14 78 39 — — 533 533 — — — — — — 
W469 SE 15 78 39 1252 425 425 1169 50, sand 
W470 SE 17 78 39 1272 460 500 1161 40, s & g 
W471 SE 18 78 39 1337 501 501 43, sand 
W472 SE 20 78 39 1281 475 — — 1166 sand 15 
T473 SE 1 78 40 1350 350 345 1229 15, sand none 
T475 SW 4 78 40 363 357 — 15, gravel none 
W476 SE 5 78 40 135 - - — 
T477 5 78 40 1377 367 355 none none 
T478 SE 14 78 40 1300 375 - - none none 
W479 SE 20 78 40 1382 207 _ M 1240 5, sand — — 
W480 SE 24 78 40 1360 525 525 1150 — — 
W481 NE 25 78 40 1316 460 1196 30, gravel 12 
W482 SW 25 78 40 1360 525 440 1173 — 
T483 NW 34 78 40 — — 198 194 — — none none 
W484 NE 36 78 40 1348 515 508 1173 — 
W486 NW 21 79 37 1404 406 405 1254 15, gravel 25 
W487 m 24 79 37 1408 510 510 1168 30, sand 
T489 SE 14 79 38 1250 380 380 80, sand 
W490 SW 15 79 38 1366 483 — — 1183 
W491 SE 17 79 38 1350 485 475 — — - -
W492 NE 19 79 38 1200 400 - - 1140 100, sand 1000 
W494 NW 20 79 38 1200 403 — — — — 100, s & g 800 
W495 SW 25 79 38 1362 458 450 1187 — 
W496 NE 32 79 38 1372 514 514 1174 100, sand 
T497 SW 3 79 39 none none 
T498 SE 4 79 39 400 — — — — none none 
W500 8 79 39 1404 373 373 1292 — 
W501 NE 15 79 39 1400 465 445 1235 20, gravel — — 
W502 NE 20 79 39 1381 365 1289 5, gravel 40 
T503 NE 23 79 39 1275 268 263 8, s & g none 
W504 SE 29 79 39 1395 220 1245 — - -
T505 NE 34 79 39 800 280 none none 
T506 SE 25 79 40 1290 360 355 7, sand 
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W507 NE 4 80 37 1398 450 450 1216 _ _  
W508 SW 18 80 37 1393 469 — — 1173 4, sand 10 
W509 NE 21 80 38 1380 520 526 1160 sand — — 
W510 NE 21 80 38 1252 326 1180 8, sand 50 
W511 SE 22 80 38 1272 434 1173 60, sand — —  
W512 SE 22 80 38 1293 458 1175 55, sand 
W513 NE 24 80 38 1396 470 460 1156 — M «» — 
W514 SE 24 80 38 1400 475 445 — —  
W515 SE 28 80 38 1271 390 380 1180 
W516 SE 29 80 38 1399 478 -  —  1179 37, sand 
W517 m 12 80 39 1412 371 1232 — 
W518 NE 34 80 39 1375 235 1270 — 
W519 NW 2 80 40 — — 435 420 — — 14, ss. —  —  
W520 SW 5 81 37 1410 335 335 none none 
W523 NE 35 81 37 1412 323 — — 1242 32, sand 
W524 NE 3 81 38 1372 496 496 1162 sand — 
W525 SE 4 81 38 1506 627 627 1191 30, sand - —  
W527 NW 25 81 38 1430 520 520 1155 — — 
W52.8 SW 29 8.1 38 — — 480 480 » — —  — —  
W529 NE 32 81 38 1425 586 586 1139 — — 
W530 NE 34 81 38 1338 480 — — 1165 — — 
W531 2 81 39 1350 390 370 1215 ss. — 
T531.1 NW 17 81 39 1310 396 332 — —  20, ss. — 
W532 SE 18 81 40 1270 194 — 11, sand 3 
W533 NW 15 82 34 1300 134 1226 19, sand 20 
W534 SE 17 82 34 1275 185 165 1211 20, ss. 27 
W535 NW 20 82 34 1305 160 146 1196 8, sand 8 
W536 NW 22 82 34 1288 155 1218 sand 20 
W537 NE 33 82 34 1308 145 122 1215 24, ss. 8 
T539 NE 17 82 35 1400 472 385 25, sand - -
T541 17 82 36 1325 300 225 — — 5, gravel — 
T542 NW 19 82 36 1360 270 160 80, ss. none 
T544 NW 20 82 36 1320 300 213 — — none none 
T544.1 SW 20 82 36 1320 202 172 6, s & g - -
W546 SW 8 83 34 1259 141 125 1180 16, ss. 25 
W547 SW 18 83 34 1351 240 225 1171 15, ss. 5 
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W548 SW 29 83 34 1227 205 194 1184 6, gravel 24 
W549 NW 4 83 35 1425 350 300 1315 — — — — 
W550 SE 5 83 35 1406 281 255 1201 11, ss. 10 
W551 NW 7 83 35 1391 310 305 1216 5, ss« 
W553 SE 16 83 35 1500 313 313 
W554 SE 18 83 35 1410 165 — 1327 11, sand 70 
W557 NE 3 83 36 1460 425 402 1178 23, ss. 20 
W558 SE 7 83 36 — — 350 — — — 
W559 NW 10 83 36 1444 375 263 1319 12, ss. 8 
W560 NW 14 83 36 1426 381 373 1208 10, ss. 15 
W562 SE 25 83 36 1456 469 — — 1193 14, s & g 30 
W563 SW 25 83 36 1427 470 465 1172 10, gravel 16 
W564 SE 26 83 36 1428 463 —« mm 1192 15, gravel 35 
W565 NW 29 83 36 1540 555 — — 1145 5, sand 9 
W566 SE 7 84 36 1428 328 322 1170 6, ss. 12 
W567 SE 13 84 36 1391 352 305 1212 50, ss. - — 
W568 SE 14 84 36 1378 284 225 1143 53, ss. 8 
W571 SW 22 84 36 387 355 - - 13, ss. 10 
W572 NE 24 84 36 351 275 » M 12, ss. — — 
W573 NE 27 84 36 1442 350 — — 1236 10, sand 
W574 SW 28 84 36 1465 394 — — 1209 10, sand 3 
W575 SW 34 84 36 1491 472 470 1208 80, sand 50 
T577 NE 26 82 38 1346 85 — — 40, sand 600 
W578 SE 36 82 38 1379 485 480 1164 — — 
T578. 1 NW 11 82 39 1325 373 290 — —» 32, SS . » — 
W579 NW 16 82 39 1267 264 71 1192 30 
W580 SE 20 82 39 1318 355 120 1218 — 24 
W581 SW 29 82 41 1374 307 7, sand 3 
W582 NE 2 83 37 1468 415 400 1177 15, ss. 
W583 NW 5 83 37 1403 620 610 1173 40, sand 10 
W584 SW 10 83 37 — 552 mm 1259 — mm — » 
T584. 1 NE 29 83 37 1425 535 528 72, sand 
T584. 2 SE 19 83 38 1375 357 
W585 SE 22 83 38 1501 563 — — 1168 5, sand 10 
W587 NW 4 83 39 1436 369 1146 15, sand 10 
T587. 1 SE 21 83 39 1200 353 ss. — 
Table 15- (Continued) 
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Bore- Hydrau- Aquifer 
hole Surface Total Bedrock lie thickness. Yield, 
number Location elevation depth depth head lithology gpm 
W586 NE 23 83 39 1421 359 1121 15, sand 10 
T586.1 SE 31 83 39 1310 288 278 — — none none 
W588 SE 7 84 37 356 — — 9, sand — — 
W589 NW 16 84 37 1425 454 451 1175 40, s & g 20 
W590 SE 23 84 38 1400 510 1165 - — 
W592 NE 1 85 37 1325 343 335 1137 8, ss. 
W593 NE 31 85 37 1388 436 — -m 1157 10, sand 7 
W594 SE 17 85 38 1375 480 355 1225 5, sand 11 
W595 SW 32 85 38 1347 405 1122 11, sand 5 
W596 NE 35 85 38 1397 654 510 1125 5, ss. --
W597 NE 4 85 39 1475 419 360 1173 43, ss. 10 
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Table 16. Post-Cherokee groundwater chemical analyses 
Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium Sodiui 
W2 NT 1080 33.0 4.0 1700 0.15 18.6 17.3 1026 
W3 NT 904 15.5 1.7 1300 0.11 7.2 14.5 416 
W4 1425 300 35.0 3.0 510 — — 16.0 4.8 175 
W6 NT 220 6.5 1.7 21 — — 25.0 — — 121 
W7 NT 1080 56.0 2.4 1500 — — 18.9 10.2 294 
W9 NT 610 60.0 2.7 1200 12.4 5.9 298 
Wll 1030 600 12.0 4.4 270 — — 15.1 2.5 63 
W12 760 . 330 54.0 30 41.0 27.0 4.1 14 
W14 NT 230 20.0 0.6 — — 23.5 4.7 51 
W16 NT 1120 68.0 3.5 1600 17.2 7.4 300 
W17 NT 220 6.5 1.7 21 25.0 121 
W20 NT 200 11.0 2.6 15.4 3.5 7 
W21 650 430 20.0 0.5 30 6.0 12.1 2.0 16 
W26 NT 310 7.0 — — — — 1.6 18.5 3.6 15 
W27 NT 300 8.0 0.1 21.8 3.5 9 
W24 NT 310 19.0 — — — — — — 22.2 7.2 17 
W28 NT 100 57.5 1.6 75 16.5 3.5 182 
W29 NT 730 61.0 3.0 1050 4.5 10.1 5.0 352 
W30 NT 470 51.0 0.3 720 5.5 21.0 6.8 252 
W35 1100 90 103.0 0.7 70 11.6 3.4 215 
W36 930 490 40.0 0.6 120 15.5 23.3 4.1 21 
W37 NT 200 6.0 — — — — 5.5 25.0 1.9 4 
W38 NT 290 2.0 1.7 26.0 2.8 11 
W40 325 357 7.8 2.3 214 0.1 18.6 6.4 39 
W41 NT 450 8.0 -mm = — — 21.4 8.8 9 
W42 NT 450 13.0 0.1 — — 16.5 9.8 13 
W43 NT 345 5.5 0.4 2 3.5 22.0 4.8 17 
W45 334 402 7.8 — — 158 1.0 16.2 6.8 13 
W47 1260 1122 33.3 0-2 1511 0.68 10.1 15.6 250 
W48 880 480 26.0 5-0 190 - - 9.3 5.0 31 
W49 NT 1090 48.0 2.8 1400 —• » 18.4 7.0 324 
W52 NT 810 34.0 0.2 1100 1.7 15.5 7.4 241 
W58 1530 380 83.0 0.4 620 11.0 4.5 175 
W59 280 333 0.1 286 1.5 13.8 3.6 12 
W60 NT 200 9.0 2.1 - — 21.2 3.5 8 
W63 255 162 2.0 0.2 28 - - 10.4 5.0 73 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium SodiuD 
W65 NT 400 3.0 1.1 20 24.8 3.2 12 
W68 265 294 4.0 88 0.81 13.2 3.2 20 
W69 325 372 7.8 — — 78 0.20 15.2 6.8 23 
W70 260 300 4.0 0.1 23 1.4 14.3 3.6 15 
W71 2520 1180 56.0 1.6 1800 — — 19.0 5.6 180 
W72 2520 1050 51.0 3.0 1700 - - 12.6 5.0 190 
W73 NT 550 10.0 1.2 860 — — 17.0 5.6 277 
W74 269 284 1.0 0.8 83 0.18 12.9 2.4 31 
W76 NT 300 8.0 — — — — 24.5 2.3 5 
W78 1960 620 31.0 1.8 1050 25.9 10.2 196 
W80 NT 220 10.0 1.4 35 0.14 26.1 4.3 251 
W81 NT 350 36.0 0.3 340 21.0 7.8 191 
W84 NT 320 1.4 20 20.5 2.3 39 
W87 NT 260 6.0 — — 17.1 5.0 19 
W88 NT 130 6.0 0.5 — — 0.84 16.3 3.0 94 
W90 530 190 10.0 3.0 20 — — 18.8 7.1 59 
W91 NT 620 14.0 — — — — 25.0 21.1 11.1 17 
W92 NT 600 49.0 0.3 44.0 21.0 8.6 13 
W93 730 360 8.0 1.6 190 — — 33.0 NT NT 
W94 420 210 10.0 — — 25 26.0 NT NT 
W96 NT 490 10.0 2.2 240 18.8 8.5 63 
W99 NT 610 11.0 2.7 520 — — 15.6 8.8 77 
W102 NT 640 20.0 0.9 620 — — 11.8 9.1 46 
W103 410 210 13.0 0.2 30 19.0 19.6 0.5 10 
W106 510 300 14.0 — a» — — — — 23.5 0.9 8 
W107 315 180 10.0 0.8 26.0 0.5 9 
WHO 550 290 6.Q 50 24.5 NT NT 
W115 560 270 19.0 — — 30 10-0 27.1 NT NT 
W108 850 320 26.0 — — 100 26.3 NT NT 
W120 NT 290 11.0 0.3 — 18.1 4.2 94 
W123 NT 310 12.0 1.4 NT 15.8 5.4 87 
W124 NT 280 9.0 2.7 50 NT 24.6 4.9 60 
W125 NT 570 17.5 0.7 600 0.45 10.6 3.1 391 
W126 410 260 10.0 — — 20 20.0 1.2 8 
W127 480 350 10.0 - - , 24.0 2.0 16 
W130 450 220 10.0 0.2 25.7 1.8 10 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium Sodiui 
W131 390 250 10.0 0.1 30 .. 25.0 0.9 10 
W132 333 185 12.0 — — — — 5.0 26.3 0.9 8 
W136 294 190 10.0 — — — — — — 28.0 0.9 8 
W137 430 230 13.0 0.2 20 5.5 27.3 1.2 11 
W138 270 100 4.0 — — 20 — — 20.0 1.4 8 
W139 NT 200 7.5 0.15 21.1 5.3 33 
W143 490 280 18.0 — — 20 — — 21.2 0.7 10 
W145 630 360 10.0 — — 20 — — 27.0 1.2 23 
W147 NT 200 4.0 0.5 — — 0.14 21.0 43 
W148 252 120 10.0 -  - 18.5 1.0 7 
W149 560 230 14.0 6.0 20 — — 28.0 1.4 46 
W150 840 240 10.0 200 17.0 2.5 78 
W152 2720 930 50.0 4.4 1700 » « 12.8 6.5 249 
W159 770 316 10.6 0.3 26 5.5 10.6 4.5 44 
W161 1120 381 16.8 0.9 316 11.8 7.2 163 
W163 560 227 5.6 0.1 19 -  - 14.6 5.0 70 
W164 570 300 9.0 0-6 28.0 6.0 19 
W165 540 260 8.0 0.7 30 - — 35.0 5.2 25 
W168 660 350 10.0 — — 35 — » 33.0 8.4 15 
W173 2520 1420 17.0 2.6 1800 -  - 40.0 3.6 117 
W177 2720 1000 36.0 6.0 1800 — — 18.8 6.5 210 
W178 478 198 16.7 0.3 55 NT 8.1 7.0 220 
W179 323 364 6.0 1.5 32 NT 9.1 5.5 57 
Wise 940 410 20.0 0.4 300 - - 28.5 2.7 47 
W181 540 290 8.0 3.5 30 » — 23.5 5.6 20 
W190 223 221 0.1 0.1 30 NT 13.7 3.5 7 
W191 970 300 26.0 1.1 170 — — 27.1 NT NT 
W193 430 220 10.0 0.1 30 0.07 24.2 1.4 12 
W195 430 180 8.0 3.6 40 21.0 1.4 12 
W196 650 270 10.0 - - 70 23.7 3.0 29 
W197 480 200 11.0 — — 30 — — 16.2 2.0 13 
W199 430 40 22.0 1.8 40 — — 3.2 NT NT 
W200 766 NT 37.0 1.7 37 3.14 11.4 5-0 350 
W202 850 200 22.0 0.1 30 10.3 3.4 130 
W204 730 180 14.0 5.8 45 27.1 NT NT 
W207 1730 190 61.0 2.7 690 — — 29.5 NT NT 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium Sodiur 
W209 1150 250 44.0 1.9 230 _ _  21.9 7.9 150 
W210 229 261 3.0 0.1 84 1.75 12.9 3.0 9 
W211 297 295 7.0 86 2.25 13.5 3.5 10 
W212 510 270 8.0 - — 20 22.2 1.2 12 
W218 253 130 10.0 - — 14.8 0.6 4 
W219 253 140 9.0 0.8 13.1 0.6 7 
W225 345 200 8.0 — — — — — — 14.9 0.5 7 
W229 295 180 9.0 — - 14.0 1.0 8 
W230 353 210 6.0 - — — - 14.8 1.5 9 
W233 710 400 9.0 1.7 130 — — 12.3 6.4 32 
W240 580 300 12.0 0.7 20 — — 11.0 6.0 22 
W247 375 210 7.0 - - 21.1 1.8 10 
W249 250 120 10.0 — — « — — — 18.5 1.0 7 
W250 350 200 8.0 25.5 0.8 .7 
W253 1400 620 8.0 2.3 630 — — 22.9 NT NT 
W256 460 210 26.0 — — 30 10.0 21-3 0.7 7 
W258 365 160 10.0 3.0 50 — - 15.1 1.4 8 
W259 330 180 6.0 1.6 20 16-2 1.1 6 
W260 600 330 10.0 0.2 50 — — 15-1 6.2 20 
W263 410 180 7.0 0.9 40 — - 23-5 NT NT 
W266 350 180 10.0 - — 30 — — 25.0 0.7 6 
W269 270 190 6.0 0.8 20 •• - 9.7 1.1 7 
W276 480 205 7-0 2.6 30 21.8 5.9 18 
W277 2200 860 16.0 1.9 1300 20.1 NT NT 
W280 480 200 8.0 1.5 40 25-1 NT NT 
W281 690 340 13.0 0.2 140 — — 16-5 6.3 22 
W282 1250 700 10.0 3.3 560 — — 28.0 7.6 NT 
W284 395 200 10.0 — — 20 12.0 20.5 1.0 6 
W285 150 100 10.0 — — 35 — — 22.1 0.6 5 
W287 355 200 12.0 20 11.5 19-2 1.0 5 
W291 330 170 11.0 — — 20 mm — 20.0 1.1 8 
W292 870 420 10.0 0.2 130 — — 12-0 7.6 51 
W293 2900 1500 23.0 8.5 2200 — — 21.0 8.7 NT 
W294 1400 540 17.0 0.8 600 — — 12.5 6.7 110 
W295 900 400 5.0 1.4 220 — — 13.1 6.2 51 
W297 294 216 NT — — 142 0.38 15.7 3.0 7 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium Sodiur 
W298 195 264 NT 0.1 130 0.30 15.4 1.0 1 
W300 360 200 11.0 0.2 12.8 1.1 6 
W301 293 160 12.0 -  —  30 —  —  29.5 3.5 6 
W303 373 260 8.0 —  —  —  —  —  —  30.0 1.2 8 
W304 570 320 20.0 —  —  35 19.0 0.7 9 
W307 2720 800 64.0 - - 1600 10.2 10.7 332 
W310 660 350 9.0 0.5 — — 23.0 6.2 4 
W314 268 330 NT 1.3 154 0.2 15.6 3.5 16 
W315 760 400 43.0 27.0 15.0 4.5 13 
W316 1010 1170 NT 0.8 941 0.42 12.8 NT 225 
W317 2420 1220 25.0 2.3 1500 —  —  22.8 7.3 148 
W318 650 305 12.0 0.2 . 35 - - 23.5 6.4 23 
W323 2340 760 40.0 1.8 1300 M — 21.1 10.7 186 
W324 890 450 18.0 0.1 160 — —  12.8 7.2 41 
W325 2450 350 40.0 0.2 1250 —  —  12.5 8.7 349 
W330 2450 305 40.0 0.9 1100 —  —  13.5 8.2 NT 
W334 3100 770 50.0 1.7 1800 11.2 10.6 349 
W336 2720 760 50.0 0.7 1800 13.8 11.6 339 
W338 2720 740 46.0 1.5 1600 » » 19.2 11.1 329 
W340 610 300 6.0 1.2 20 —  —  20.0 6.4 30 
W341 590 370 12.0 3.7 26.9 7.3 21 
W342 610 350 10.0 2.6 26.0 5.4 19 
W343 NT 300 3.5 0.6 —  —  —  —  26.0 2.2 22 
W345 570 300 5.0 18.0 4.5 15 
W346 1930 810 30.0 1.6 1200 0.53 33.0 NT NT 
W347 3300 1870 20.0 3.7 1900 0.07 37.0 10.6 72 
W352 2340 1330 20.0 0.1 1800 —  —  11.4 11.6 112 
W353 NT 470 31.0 1.0 1300 8.2 3.9 281 
W356 2340 1500 11.0 1.6 1800 —  —  29.4 NT NT 
W357 1850 800 18.0 0.2 1000 1.75 31.0 9.8 110 
W363 2150 450 14.0 1.1 1200 mm w 12.8 7.5 293 
W364 2350 340 33.0 1.1 920 21.5 8.3 316 
W368 2350 280 40.0 1.0 1200 —  —  17.0 9.0 349 
W373 1010 450 13.0 1.5 120 — — 36.0 7.3 34 
W378 1350 600 12.0 1.6 610 — — 24.9 9.9 84 
W381 1480 1392 21.0 0.2 1206 — — 13.4 19.5 260 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
no. cond. hard. ride mang. fate Nitrate Silica sium Sodiui 
W379 3200 1180 30.0 2.3 1850 _ _  26.9 10.2 278 
W382 3000 1380 23.0 3.5 2000 17.6 8.7 222 
W384 2900 1200 30.0 1.9 1750 — — 12.5 8.2 272 
W385 1175 440 13.0 0.1 320 — — 13.9 7.8 107 
W390 690 220 13.0 0.2 40 36.0 7.3 72 
W394 2600 890 30.0 2.5 1600 11.4 11.6 264 
W395 770 300 10.0 •V 'm 70 — —. 37.0 7.0 78 
W397 680 260 8.0 2.1 60 24.1 7.0 61 
W398 2520 1500 24.0 2.6 1750 28.0 11.0 137 
W400 1310 730 42.0 2.5 380 22.7 10.1 47 
W407 1550 800 9.0 1.5 650 25.0 9.3 65 
W408 890 460 10.0 2.9 210 14.4 8.2 29 
W411 1300 690 13.0 1.5 480 — — 26.6 8.7 61 
W412 550 300 13.0 2.2 40 — — 15.0 5.9 15 
W414 630 300 12.0 0.5 23.0 7.3 23 
W417 1510 680 19.0 3.7 610 - - 16.0 9.9 91 
W421 2530 1380 13.0 3.5 1800 9.0 34.0 NT NT 
W425 2150 1090 18.0 2.1 1300 23.7 9.8 129 
W427 1820 960 13.0 2.0 800 •» — 27.0 9.8 78 
W428 3360 1830 30.0 8.5 2250 13.8 18.7 202 
W429 3000 1350 23.0 1.9 1900 8.6 14.3 264 
W430 1380 1440 21.9 3.8 1108 3.96 16.2 20.5 206 
W431 2610 1700 13.0 1.5 2000 35.0 NT NT 
W433 3300 1880 28.0 12-9 2600 27.0 NT NT 
W435 3660 2090 33.0 4.4 2350 » av 23.0 13.3 209 
W436 3290 1900 20.0 4.3 2200 26.1 13.3 171 
W437 3460 1940 32.0 11.3 2250 8.3 14.3 176 
W439 3300 1300 31.0 2.6 2000 — — 19.8 10.3 288 
W440 3310 1830 26.0 4.4 2300 - - 25.7 12.4 185 
W442 3300 1800 16.0 4.6 2550 - - 32.0 NT NT 
W445 3200 1940 1-3.0 4.3 2200 » » 32.0 11.7 136 
W446 3300 1860 20.0 9.7 2400 25.4 13.0 134 
W447 3460 1950 20.0 4.0 2400 25.8 12.8 159 
W448 3200 1340 30.0 3.0 1800 4.0 9.4 9.6 278 
W450 3100 2080 14.0 7.2 2200 - — 35.0 13.6 55 
W451 3300 1800 18.0 4.2 2250 22.6 13.7 157 
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Well Specific Total Chlo­ Iron + Sul­ Potas­
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W452 3360 1780 26.0 4.2 2500 22.3 15.0 200 
W456 650 558 11.5 0.7 388 — — 15.7 12.3 70 
W457 1340 800 12.0 0.3 840 -* — 26.2 12.9 76 
W459 3300 1070 22.0 1.4 2200 — — 14.2 11.7 329 
W461 1220 440 10.0 0.6 400 — — 20.0 9.0 90 
W462 1250 570 11.0 1.2 565 - - 10.0 8.7 91 
W463 1490 600 10.0 1.3 670 » w 25.2 9.6 115 
W464 2530 900 31.0 1.3 1650 — — 20.5 12.5 298 
W465 2800 900 29.0 1.5 1900 — — 22.6 12.3 300 
W467 3100 940 38.0 0.7 1800 — — 22.0 11.0 340 
W468 2530 770 33.0 0.3 1850 — — 17.4 12.3 339 
W459 2710 600 31.0 0.5 1850 18.5 12.4 359 
W470 2710 660 31.0 2.2 1800 0.23 22.5 10.6 369 
W472 2900 660 37.0 1.1 1900 — — 32.0 11.2 372 
W476 1330 620 17.0 0.8 400 — — 35.0 8.7 62 
W479 210 104 8.5 0.4 266 — — 9.0 64 
W480 2710 720 31.0 1.9 1800 24.0 10.8 352 
W481 NT 690 32.0 1.4 1800 1.91 11.2 5.1 281 
W482 3100 450 33.0 0.6 1200 » — 18.6 10.8 349 
W484 2340 620 38.0 0.4 1700 — — 21.8 10.9 342 
W486 690 105 30.2 172 - — 0.7 13.3 232 
F487 2520 1160 21.0 0.8 1700 — — 23.8 11.2 207 
W490 2350 940 26.0 1.3 1750 — — 15.3 11.8 266 
W491 2400 900 34.0 0.5 1800 - - 18.8 12.5 316 
W494 3040 980 39.3 2.0 NT NT 16.0 NT NT 
W495 2520 1020 25.0 0.6 1750 — — 18.3 10.3 255 
W496 2520 870 37.0 1.6 1800 — — 17.8 13.6 290 
W501 2900 1200 26.0 1.4 2200 — — 16.7 10.6 278 
W502 3000 1380 30.0 2.4 2200 — — 23.9 13.5 274 
W504 1440 810 40.0 450 25.0 21.0 8.1 46 
W507 3480 1330 25.0 3.0 1900 — — 11.7 13.2 242 
W508 2720 740 25.0 2.6 2150 - - 14.5 12.0 257 
W509 3200 930 36.0 3.4 1800 4.0 19.3 12.5 307 
W513 2720 860 26.0 1.1 1600 — — 17.1 12.9 284 
W514 2900 800 29.0 2.4 1650 — — 15.4 12.3 290 
W515 2720 810 30.0 0.3 1800 — — 20.0 13.5 307 
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W516 2900 
W517 3280 
W518 2150 
W523 3460 
W524 NT 
W525 3000 
W529 2720 
W530 3100 
W531 2800 
W532 270 
W533 3000 
W535 2700 
W536 3200 
W546 280 
W548 2250 
W550 1350 
W551 3380 
W553 2450 
W554 3350 
W557 3460 
W560 1490 
W562 490 
W563 800 
W564 1020 
W566 3660 
W567 2340 
W568 3370 
W573 3470 
W574 3650 
W575 3460 
W578 2700 
W583 1390 
W587 NT 
W586 1600 
800 30.0 
1400 30.0 
1100 14.0 
1680 21.0 
780 25.0 
890 29.0 
980 27.0 
760 27.0 
1250 21.0 
338 6.1 
1690 24.0 
1480 17.0 
1850 26.0 
332 4.7 
1070 11.0 
550 11.0 
1700 32.0 
870 26.0 
1760 24.0 
1780 40.0 
1470 36.6 
262 11.'r 
835 13.7 
882 80.6 
2050 35.0 
900 21.0 
1600 40.0 
1680 40.0 
1700 44.0 
1600 40.0 
800 30.0 
1180 28.6 
1050 22.0 
1358 26.2 
0.7 1650 
4.0 2200 
1.2 810 
2.3 2250 
0.3 1900 
1.2 1700 
0.9 1750 
0.5 1650 
1.6 2350 
0.4 94 
1 . 6  1 8 0 0  
5.1 1600 
4.8 1850 
0.6 7 
2.8 1450 
2.6 360 
3.9 2200 
1.0 1200 
9.5 1950 
2.7 2300 
1-8 1718 
2.1 269 
4.1 529 
2.5 978 
2.8 2300 
3.7 1100 
11.2 2200 
5.9 2150 
6.3 2200 
6.5 2250 
1.6 1750 
1.3 1900 
2.1 1950 
2.3 1358 
19.0 
28.1 
0.27 31.0 
— 24.0 
25.6 
23.0 
15.9 
22.0 
31.5 
36.2 
19.3 
16.5 
14.1 
0.01 13.1 
21.0 
22.5 
21.0 
23.5 
24.3 
— 18.0 
0.01 3.9 
0.31 6.5 
0.01 12.3 
0.75 12.6 
13.9 
13.7 
— 18.6 
— 16-4 
16.3 
—  2 0 - 0  
22.7 
12.7 
29.5 
7.7 
11-0 329 
14.5 260 
8.5 44 
12.9 211 
13.0 395 
13.6 310 
14-4 298 
11.9 329 
14.3 252 
8-2  10  
12-2 163 
11-7 102 
12.5 150 
8.0 16 
7.4 143 
7.6 100 
10.0 242 
8.5 192 
16-1 129 
10.6 260 
130.0 246 
10-0 123 
12.0 138 
14-2 187 
14-4 207 
11-9 132 
11-4 212 
11.9 212 
12.8 236 
11-1 255 
12-2 276 
12-0 318 
13.2 343 
12-5 250 
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Table 17. Seismic data summary 
Shot 
no. Location 
2nd 3rd 4th 
Surface Bedrock layer layer layer 
elevation elevation velocity velocity velocity 
R84 SE SE 16 67 39 N 1129 850 5600 11600 
R85 NW NW 16 67 39 N 1005 860 5800 11300 
RIA SE SW 7 67 39 W 1105 722 + 90 5796 10304 
- 80 
R2 SE SE 12 67 40 ¥ 1135 739 + 67 5000 12529 
- 63 
R3 SW SW 11 67 40 N 1178 801 + 121 6454 10276 
- ,  102 
R5 SE SW 9 67 40 E 1147 670 + 106 5549 12924 
- 94 
R6 SE SE 18 67 40 W 1165 753 + 54 5623 13447 
- 51 
R7 SE SE 13 67 41 W 1121 650 + 99 5464 19257 
- 90 
R39A SE SE 19 68 41 E 908 736 5585 8626 
R39B SW SW 20 68 41 W 937 756 + 130 5168 8639 
- 240 
R38A SE SW 19 68 41 E 946 816 5600 9170 
R€. SW Cor 24 68 42 E 1030 824 + 153 6336 10624 
- 266 
R9 SE Cor 22 68 42 W 1059 887 + 20 3488 8923 
- 21 
Rll SW SE 19 68 42 W 959 894 + 29 5911 9028 
- 32 
R40 SE SE 17 68 42 N 1040 817 + 74 5122 10068 
- 86 
R41 SW Cor 9 68 42 N 1125 962 + 22 4487 8790 
- 23 
R42 NW SW 34 69 42 N 1194 921 + 16 5872 8034 
- 19 
R13 NE Cor 29 69 42 S 1130 1045 + 20 3088 7139 
- 19 
10470 
11770 
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Table 17. (Continued) 
2nd 3rd 4th 
Shot Surface Bedrock layer layer layer 
no. Location elevation elevation velocity velocity velocity 
R43 SE SE 17 69 42 N 1182 1002 + 32 6034 8714 
- 35 
R44 SE SE 8 69 42 N 1181 1069 + 45 6363 8154 
- 52 
R14B SE NE 19 71 42 S 1185 1017 + 31 5526 16297 
- 34 
R15 SW NW 16 71 42 N 1220 778 + 357 4929 6000 12651 
- 948 
R16B NE NE 7 71 42 W 1190 932 + 53 4994 8134 
- 61 
R17A SW Cor 4 71 42 N 1135 883 + 48 4492 19572 
- 51 
R17B NW SW 4 71 42 S 1170 947 4749 8076 
RIB NW Cor 27 75 42 S 1135 1000 T 29 4449 10208 
- 31 
R19 NW SW 22 75 42 N 1140 1054 + 43 4941 9671 
- 53 
R20 NW SW 14 75 42 N 1175 1022 + 34 4646 12405 
- 37 
R21 SW NW 20 76 41 S 1245 1180 6176 7500 10500 
R22 SW Cor 9 76 41 N 1225 1102 + 30 5023 11036 
- 33 
R23 SW Cor 3 76 41 N 1200 1075 + 31 5000 10413 
- 34 
R24 SW SW 35 77 41 N 1275 1028 6377 10500 21000 
R48 NW Cor 33 77 41 E 1270 1054 4427 8750 
R25 NW NW 26 77 41 N 1255 1020 6435 10000 
R26 SE NW 27 79 39 W 1287 1073 + 45 5034 8689 
- 50 
R45 SE SE 23 79 40 W 1371 958 + 263 6219 10644 
- 488 
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Table 17. (Continued) 
2nd 3rd 4 th 
Shot Surface Bedrock layer layer layer 
no. Location elevation elevation velocity velocity velocity 
R46A NE NE 27 79 40 W 1392 1003 + 93 5837 9813 
- 108 
R46B NE NW 27 79 40 E 1388 1054 + 112 5890 9329 
- 138 
R47 NE NE 28 79 40 W 1271 1085 + 13 5160 8429 
- 13 
R50 SW SE 22 81 39 N 1383 1050 6014 8015 21000 
R51 SW SW 15 81 39 N 1421 820 5937 13243 
R52 SE Cor 9 81 39 W 1403 781 + 159 6013 15705 
- 189 
R53 SW SE 4 81 39 N 1359 964 5998 8750 13703 
R49 NW NW 26 83 37 E 1426 1014 6106 8750 
R56 NW NW 27 83 37 E 1404 852 + 284 6000 13462 21151 
- 443 
R31 NE Cor 30 83 37 W 1449 769 + 70 5516 20182 
- 74 
R32 SW NE 25 83 38 W 1383 890 + 120 5417 11719 
- 141 
R33 SE Cor 23 83 38 W 1459 731 + 632 6096 21000 
-1643 
R34 SE Cor 27 83 38 W 1450 887 + 342 5872 12741 16035 
- 584 
R35 SE Cor 28 83 38 W 1358 913 + 271 5960 12050 21715 
- 430 
R55 SW SE 29 83 38 W 1398 912 + 149 6306 11072 
- 184 
R36 NE Cor 4 82 39 S 1365 913 + 63 5700 12362 
- 67 
R37 NE Cor 5 82 39 W 1337 1037 5701 8677 
R95 SW SW 31 83 39 N 1135 994 6000 8500 
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APPENDIX D: MONITORED WELL WATER ANALYSES 
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Table 18. Monitored well water chemical analyses 
Well Date of Total Potas-
no. sampling hardness Chloride Sulfate Nitrate sium Sodium 
W58 
W164 
W345 
W353 
11 Aug. 69 360 78.0 530 0.11 5.5 228 
26 Sept. 69 330 79.0 530 10.3 168 
31 Oct. 69 360 80.0 530 — — 10.8 225 
14 Dec. 69 310 87.0 550 7.00 6.8 206 
24 Jan. 7 0 300 81.0 580 — — 7.6 219 
27 Feb. 70 340 83.0 500 — — 6.9 228 
28 Mar. 70 380 80.0 600 — — 4.1 176 
5 May 70 380 83.0 620 4.5 175 
4 June 70 450 86.0 580 — — 5.3 175 
6 July 70 380 88.0 510 - - 9.2 174 
11 Aug. 69 220 2.0 — — 0.75 2.0 24 
26 Sept. 69 240 7.0 - - 3.6 23 
31 Oct. 69 260 9.0 - — 3.8 21 
14 Dec- 69 240 11.0 30 2.7 25 
24 Jan. 70 280 10.0 30 2.7 20 
27 Feb. 70 280 9.0 2.3 21 
28 Mar. 70 300 10.0 30 2.7 23 
5 May 70 340 8.0 30 - - 1.8 24 
4 June 70 320 4.0 20 1.8 20 
6 July 70 300 9.0 - — 6.0 19 
11 Aug. 69 210 2.5 — — 1.25 1.4 21 
26 Siîp. 69 300 5.0 2.3 15 
31 Oct. 69 300 10.0 1.3 16 
14 Dec. 69 260 10.0 40 - — 1.2 18 
24 Jan. 70 280 9.0 40 2.6 15 
24 Feb. 70 250 8.0 50 1.5 15 
28 Mar. 70 270 11.0 30 1.10 2.1 18 
5 May 70 340 10.0 30 1.4 18 
4 June 70 300 9.0 20 1.4 17 
6 July 70 300 5.0 4.5 15 
2 July 69 400 28.0 1050 .. — 3.7 422 
11 Aug. 69 390 30.0 1040 0.86 4.4 459 
26 Sept. 69 400 32.0 940 3.50 8.1 306 
31 Oct. 69 380 36.0 1200 8.0 400 
14 Dec. 69 380 40.0 1250 - — 5.1 410 
24 Jan. 70 400 33.0 1250 6.5 417 
27 Feb. 70 360 32.0 1200 4.9 410 
28 Mar. 70 350 39.0 1300 2.00 3.0 278 
5 May 70 400 30.0 1250 2.3 278 
4 June 70 470 31.0 1300 — — 3.9 281 
Table 18. (Continued) 
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Well Date of Total Potas-
no. sampling hardness Chloride Sulfate Nitrate sium Sodium 
W548 
W481 
17 Apr. 69 1140 13.5 1600 0.23 8.0 196 
23 May 69 1040 10.0 1550 0.21 8.0 196 
11 Aug, 69 1100 10.0 1300 0.37 7.4 176 
26 Sept. 69 1070 10.G 1250 12.6 188 
31 Oct. 69 1020 13.0 1400 - — 15.2 190 
14 Dec. 69 1020 20.0 1550 11.00 9.4 195 
24 Jan. 70 1000 17.0 1400 — — 9.4 184 
27 Feb. 70 1020 14.0 1400 10.0 173 
28 Mar. 70 1070 11.0 1450 — 7.4 143 
2 July 69 680 26.0 1500 — — 7.6 445 
11 Aug. 69 610 26.0 1400 0.10 7.0 468 
26 Sept. 69 700 32.0 1400 7.00 12.2 444 
31 Oct. 69 650 31.0 1650 — — 14.2 445 
14 Dec. 69 700 37.0 1700 7.00 9.0 404 
24 Jan. 70 660 33.0 1600 9.5 405 
27 Feb. 70 650 34.0 1600 — — 9.2 450 
28 Mar. 70 700 30.0 1700 5.00 5.3 276 
5 May 70 690 32.0 1800 — 5.1 281 
4 June 70 690 32.0 1750 — 5.0 281 
W562 15 Mar. 69 500 10.0 620 3.9 123 
17 Apr. 69 400 10.0 600 0.13 5.7 126 
23 May 69 400 10.0 640 6.0 126 
2 July 69 390 7.0 485 0.34 6.2 128 
11 Aug. 69 380 10.0 520 0.38 5.6 131 
26 Sept. 69 360 11.0 490 10.4 111 
31 Oct. 69 300 11.0 470 11.8 136 
14 Dec. 69 270 12.0 460 6.6 134 
24 Jan. 70 270 15.0 440 7.1 122 
27 Feb. 70 220 14.0 390 6.9 123 
W583 15 Mar. 69 1210 25.0 1800 0.89 10.0 318 
17 Apr. 69 1100 25.0 2000 0.20 10.0 318 
23 May 69 1110 25.0 1900 10.0 318 
2 July 69 1110 25.0 1750 0.10 10.1 330 
11 Aug. 69 1190 26-0 1800 0.22 10.5 304 
26 Sept. 69 1060 26.0 1650 15.4 271 
31 Oct. 69 1110 30.0 1900 20.4 348 
14 Dec. 69 1110 30.0 2100 8.00 11.3 329 
24 Jan. 70 1100 30.0 2000 12.8 300 
27 Feb. 70 1090 28.0 1900 12.0 318 
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Table 18. (Continued) 
Well Date of Total Potas­
no. sampling hardness Chloride Sulfate Nitrate sium Sodium 
W586 15 Mar. 69 1340 23.0 2220 0.08 11.5 392 
17 Apr. 69 1300 22.5 2300 0.11 11.5 392 
23 May 69 1350 20.0 2000 — — 11.5 392 
2 July 69 1360 19.0 1900 12.6 410 
11 Aug. 69 1300 20.0 1900 0.47 11.7 387 
26 Sept. 69 1320 25.0 2000 — — 14.8 389 
31 Oct. 69 1300 27.0 2350 — — 21.6 379 
14 Dec. 69 1310 28.0 2400 — — 13.7 392 
24 Jan. 70 1250 24.0 2300 — — 14.0 367 
27 Feb. 70 1210 24.0 2400 12.5 383 
W587 15 Mar. 69 1160 20.0 1950 0.07 11.5 337 
17 Apr. 69 1100 19.5 2000 0.08 11.5 337 
23 May 69 1100 19.0 1750 — — 11.5 337 
2 July 69 1040 16.5 1850 — — 11.2 370 
11 Aug. 69 1110 16.0 1750 3.00 12.4 357 
26 Sept. 69 1120 21.0 1850 — — 20.0 256 
31 Oct. 69 1090 20.0 2025 — — 21.1 346 
14 Dec. 69 1060 25.0 2000 13.0 353 
24 Jan. 70 1100 22.0 2100 — — 13.6 352 
27 Feb. 70 1050 22.0 1950 — — 13.2 343 
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APPENDIX E: ANOV, VARIATION OF GROUNDWATER 
QUALITY WITH TIME 
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Table 19. ANOV, temporal variation of groundwater quality 
Source Sum of squares d.f. Mean square 
W58 Chloride 
W164 Total 
hard. 
W164 Chloride 
Total (Corr.) 110.62 9 
t 55.37 1 55.37 8.02* 
Residual 55.24 8 6.90 
t^ 0.28 1 0.28 0.04 n.s. 
Residual 54.96 7 7.85 
t^ 17.54 1 17.54 2.81 n.s. 
Residual 37.41 6 6.23 
t^ 4.20 1 4.20 0.63 n.s. 
Residual 33.21 5 6.64 
t^ 13.32 1 13.32 2.68 n.s. 
Residual 19.88 4 4.97 
Total (Corr.) 13,161.18 9 
t 10,628.40 1 10,628.40 33.57** 
Residual 2,532.78 8 316.59 
t^ 111.25 1 111.25 0.32 n.s. 
Residual 2,421.52 7 345.93 
t^ 531.43 1 531.43 1.69 n.s. 
Residual 1,890.08 6 315.01 
t4 1,074.13 1 1,074.13 6.58 n.s. 
Residual 815.95 5 163.19 
t^ 2.16 1 2.16 0.01 n.s. 
Residual 813.78 4 203.44 
Total (Corr.) 72.90 9 
t 4.67 1 4.67 0.55 n.s. 
Residual 68.22 8 8-52 
t^ 38.47 1 38.47 9.05* 
Residual 29.74 7 4.24 
t3 13.92 1 13.92 5.28 n.s. 
Residual 15.82 6 2.63 
t4 3.08 1 3.08 1.21 n.s. 
Residual 12.73 5 2.54 
t^ 3.71 1 3.71 1.65 n.s. 
Residual 9.01 4 2.25 
^Significant. 
**Highly significant. 
Table 19. (Continued) 
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Source Sum of squares d.f. Mean square F 
W345 Total 
hard. 
W345 Chloride 
W345 Sulfate 
Total (Corr.) 11,492.06 9 
t 3,148.92 1 3,148.92 3.02 n.s. 
Residual 8,343.13 8 1,042.89 
t^ 58.26 1 58.26 0.05 n.s. 
Residual 8,284.87 7 1,183.55 
t^ 1,372.01 1 1,372.01 1.19 n.s. 
Residual 6,912.85 6 1,152.14 
t^ 4,596.62 1 4,596.62 9.92* 
Residual 2,316.23 5 463.24 
t^ 15.60 1 15.60 0.03 n.s. 
Residual 2,300.62 4 575.15 
Total (Corr.) 71.22 9 
t 10.24 1 10.24 1.34 n.s. 
Residual 60.98 8 7.62 
t^ 43.64 1 43.64 17.62** 
Residual 17.34 7 2.47 
t^ 0.005 1 0.005 0.00 n.s. 
Residual 17.33 6 2.88 
t4 5.25 1 5.25 2.17 n.s. 
Residual 12.00 5 2.41 
t^ 4.78 1 4.78 2.62 n.s. 
Residual 7.29 4 1.82 
Total (Corr.) 3,490.00 9 
t 320.70 1 320.70 0.81 n.s. 
Residual 3,169.29 8 396.16 
t 2,146.54 1 2,146.56 14.69** 
Residual 1,022.75 7 146.10 
t^ 391.73 1 391.73 3.72 n.s. 
Residual 631.01 6 105.16 
t^ 234.77 1 234.77 2.96 n.s. 
Residual 396.23 5 79.24 
t^ 50.21 1 50.21 0.58 n.s. 
Residual 346.02 4 86.50 
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Table 19- (Continued) 
Source Sum of squares d.f. Mean square 
W353 Chloride 
W353 Sulfate 
W481 Chloride 
Total (Corr.) 142.91 9 
t 7.11 1 7.11 0-42 n-s-
Residual 135.80 8 16.97 
t 67.35 1 67.35 6-89* 
Residual 68.44 7 9.77 
t^ 0-02 1 0.02 0-00 n.s. 
Residual 68.42 6 11.40 
t4 2-43 1 2.43 0-18 n.s. 
Residual 65.98 5 13.19 
t^ 3.35 1 3.35 0.21 n.s. 
Residual 62-62 4 15.65 
Total (Corr.) 138,370-00 9 
t 93,351-25 1 93,351.25 16.59** 
Residual 45,018.75 8 5,627.34 
t^ 2,009-88 1 2,009.88 0.33 n.s. 
Residual 43,008-85 7 6,144.12 
t^ 5,072.73 1 5,072.73 0.80 n.s. 
Residual 37,936.12 6 6,322.68 
11,323.69 1 11,323.69 2.13 n.s. 
Residual 26,612.43 5 5,322.48 
t^ 20.12 1 20.12 0.00 n.s. 
Residual 26,592.30 4 6,648.07 
Total (Corr.) 102.11 9 
t 29-19 1 29.19 3-20 n.s. 
Residual 72.91 8 9.11 
t2 39.31 1 39.31 8-19* 
Residual 33.60 7 4.80 
t^ 1.45 1 1.45 0.27 n.s. 
Residual 32.14 6 5.35 
t4 12.78 1 12.78 3.30 n.s. 
Residual 19.35 5 3.87 
t^ 0.64 1 0.64 0.14 n.s. 
Residual 18.70 4 4.67 
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Table 19. (Continued) 
Source Sum of squares d.f. Mean square F 
W481 Sulfate 
W548 Chloride 
W562 Total 
Hard. 
Total (Corr.) 174,016.00 9 
t 119,556.37 1 119,556.37 17.56** 
Residual 54,459.62 8 6,807.45 
t2 59.73 1 59.73 0.01 n.s. 
Residual 54,399.88 7 7,771.41 
t3 1,122.46 1 1,122.46 0.13 n.s. 
Residual 53,277.42 6 8,879,57 
t4 11,531.38 1 11,531.38 1.38 n.s. 
Residual 41,746.03 5 8,349.20 
t^ 21,011.12 1 21,011.12 4.05 n.s. 
Residual 20,734.91 4 5,183.72 
Total (Corr.) 97.00 8 
t 12.67 1 12.67 1.05 n.s. 
Residual 84.33 7 12.04 
t2 0.70 1 0.70 0.05 n.s. 
Residual 83.62 6 13.93 
t3 64.98 1 64.98 17.43** 
Residual 18.64 5 3.72 
t4 1.30 1 1.30 0.30 n.s. 
Residual 17.33 4 4.33 
t^ 2.54 1 2.54 0.52 n.s. 
Residual 14.78 3 4.92 
Total (Corr.) 62,293.00 9 
t 57,367.26 1 57,367-26 93.17** 
Residual 4,925.73 8 615.71 
t2 6.24 1 6-24 0.01 n.s. 
Residual 4,919.48 7 702.78 
t3 743-03 1 743.03 1.07 n.s. 
Residual 4,176.44 6 696.07 
t4 1,647.87 1 1,647.87 3.26 n.s. 
Residual 2,528.57 5 505.71 
t5 1,862.83 1 1,862-83 11.19* 
Residual 665.73 4 166.43 
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Table 19. (Continued) 
Source Sum of squares d.f. Mean square F 
W562 Chloride 
W562 Sulfate 
W586 Total 
Hard. 
Total (Corr.) 46.00 9 
t 27.57 1 27.57 11.97** 
Residual 18,42 8 2.30 
t^ 8.65 1 8.65 6.20* 
Residual 9.77 7 1.39 
t^ 1.34 1 1.34 0.96 n.s. 
Residual 8.42 6 1.40 
t^ 0.70 1 0.70 0.45 n.s. 
Residual 7.72 5 1.54 
t5 0.06 1 0.06 0.04 n.s. 
Residual 7.65 4 1.91 
Total (Corr.) 61,607.00 9 
t 52,459.64 1 52,459.64 45.88** 
Residual 9,147.35 8 1,143.41 
t^ 288.53 1 288.53 0.23 n.s. 
Residual 8,858.81 7 1,265.54 
t^ 118.95 1 118.95 0.08 n.s. 
Residual 8,739.85 6 1,456.64 
t4 1,877.27 1 1,877.27 1.37 n.s. 
Residual 6,862.58 5 1,372.51 
t^ 272.64 1 272.64 0.17 n.s. 
Residual 6,589.94 4 1,647.48 
Total (Corr.) 18,688.00 9 
t 10,765.17 1 10,765.17 10.87* 
Residual 7,922.82 8 990.35 
t^ 3,781.67 1 3,781.67 6.39* 
Residual 4,141.14 7 591.59 
t^ 349.75 1 349.75 0.55 n.s. 
Residual 3,791.39 6 631.89 
t4 160.06 1 160.06 0.22 n.s. 
Residual 3,631.32 5 726.26 
t^ 486.63 1 486.63 0.62 n.s. 
Residual 3,144.69 4 786.17 
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Table 19. (Continued) 
Source Sum of squares d.f. Mean square F 
W586 Chloride 
W586 Sulfate 
W583 Sulfate 
Total (Corr.) 80.63 9 
t 25.09 1 25.09 3.61 n.s. 
Residual 55.53 8 6.94 
t2 0.29 1 0.29 0.04 n.s. 
Residual 55.24 7 7.89 
t^ 40.28 1 40.28 16.16** 
Residual 14.95 6 2.49 
t4 0.34 1 0.34 0.12 n.s. 
Residual 14-60 5 2.92 
t^ 13.14 1 13.14 36.03** 
Residual 1.45 4 0.36 
Total (Corr.) 377,744.00 9 
t 82,075.50 1 82,075.50 2.22 n.s. 
Residual 295,668-50 8 36,958.56 
t^ 127,569.62 1 127,569.62 5.31 n.s. 
Residual 168,098-87 7 24,014.12 
t3 65,477.63 1 65,477.63 3.83 n.s. 
Residual 102,621.19 6 17,103.53 
t4 22,749.71 1 22,749.71 1.42 n.s. 
Residual 79,871.43 5 15,974.28 
t^ 57,793.40 1 57,793.40 10.47* 
Residu£.l 22,078.03 4 5,519.50 
Total (Corr.) 161,040.00 9 
t 14,923.10 1 14,923.10 0,82 n.s. 
Residual 146,116.87 8 18,264.60 
t^ 18,596.67 1 18,596.67 1.02 n.s. 
Residual 127,520.19 7 18,217.16 
t^ 4,995.20 1 4,995.20 0.24 n.s. 
Residual 122,524.94 6 20,420.82 
t4 88,435.06 1 88,435.06 12.97* 
Residual 34,089.87 5 6,817.97 
t^ 3,128.26 1 3,128.26 0.40 n.s. 
Residual 30,961.60 4 7,740.39 
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APPENDIX F: GRAIN SIZE ANALYSIS, DRIFT 
AQUIFER MATERIAL 
Figure 32. Size gradation; gravel sample, test hole T34 
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Figure 33. Size gradation: aquifer samples, test hole T155.1 
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Figure 34. Size gradation: aquifer sample, test hole T584.1 
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APPENDIX G: LOW-FLOW WATER QUALITY, 
WEST NISHNABOTNA RIVER 
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Table 20. Low-flow water quality. West Nishnabotna River 
Sample Specific Total 
no. cond. hard. Chloride Sulfate Nitrate Potassium Sodium 
SI 650 305 11.0 65 10.5 5.6 10-0 
S2 660 310 19.5 69 7.0 7.0 14.8 
S3 650 290 15.0 70 6.0 8.0 10.3 
S4 700 310 18.5 82 7.0 9.5 19.7 
S5 620 320 15.5 86 6.0 9.2 17.2 
S6 700 325 19.5 81 5.5 9.4 19.1 
S7 650 315 20.0 81 5.4 9.6 19.6 
S8 660 300 16.0 62 5.0 9.3 18.4 
S9 630 285 16.0 60 4.5 9.0 16.6 
SIO 620 300 14.5 50 5.0 9.4 17.6 
Sll 650 290 25.0 63 9.2 5.1 16.7 
S13 640 280 15.5 72 5.5 4.9 11-3 
S15 650 305 19.0 84 6.1 6.6 16.4 
